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Abstract 
This study investigates the efficiency of a calcia stabilised zirconia (CaSZ) solid 
electrolyte as an oxygen ion conductor. The study also examines the behaviour of the 
oxygen species conducted by the solid electrolyte compared to species provided in the 
gas phase for partial oxidation of hydrocarbons. 
In this work, an electrochemical cell of the form Air, AgHCaSZ//Ag, Carrier gas was 
used to investigate the electrochemical efficiency and stability of the solid electrolyte 
CaSZ conducting of oxygen ions under atmospheric pressure conditions at 500'C by 
applying a range of electrical potentials from I to 16 volts across the electrochemical 
cell. Due to the applied potential oxygen anions are transferred across the solid 
electrolyte from the cathode side of the cell to the anode side. It was found that the 
employed electrolyte is approximately a 100% purely ionic conductor of oxygen ions 
in the range of electrical voltage applied from I to 10 volts. Above that range the cell 
started to degrade and loose its ionic efficiency. 
It was possible to generate gas mixtures containing trace quantities of oxygen. The 
viscosity of these gas mixtures as a function of oxygen concentration was determined 
using an established flow perturbation technique (Flux Response Technology). 
Partial oxidation of propene was used to investigate the difference between the 
oxygen species produced electrochemically via electrical potential application across 
the electrochemical cell Air, AgHCaSZ//Ag, Propene, Ar and oxygen provided in the 
gaseous state co-fed with propene over silver electrode under atmospheric pressure 
and 450'C and 500'C. It was found that the method of electrochemical provision of 
oxygen caused the silver catalyst to be more selective to 1,5-hexadeine, whereas the 
gaseous oxygen provision produced acrolein as the major product. Carbon dioxide 
formation was not affected by the method of oxygen provision. 
The Ag electrode was compared to an Au-rich Ag alloy electrode for propene partial 
oxidation using electrochemical provision. It was found that 1,5-hexadiene was the 
major product over both electrodes, but the Au-rich alloy was more selective for 
acrolein than the Ag electrode. This might be due to the gold serving as a separator 
between Ag particles which hinder the back-spill over of oxygen and allow desorption 
x 
of molecular oxygen in the gas phase, which then re-adsorb molecularly on silver sites 
producing acrolein. 
The effect of the sequence of the method of oxygen provision on the partial oxidation 
of propene was tested using the electrochemical cell Y-BiMoHAg//CaSZ//Ag at 450'C 
and atmospheric pressure. A sharp decrease in acrolein selectivity was found when 
oxygen was provided in the gas phase after treatment with electrochemical oxygen, 
while no significant effect was noticed when the electrochemical oxygen was used 
after treatment with gaseous oxygen. This large decrease in acrolein selectivity might 
be attributed to the severe reduction of the catalyst, which is probably caused by high 
electrical potential application. 
A temperature increase from 450 to 500'C seemed to suppress the formation of 
acrolein for both methods of oxygen provision and enhance the 1,5-hexadiene 
formation. 
Keywords: 
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1. Introduction 
Most of the chemical industries originate from the petroleum industry. About 85% of 
organic chemicals today are produced from petroleum and natural gas sources [I]. 
The utilization of petroleum has two broad categories: as a source of energy and as a 
feedstock for the chemical industries. About 90% of every barrel of oil is consumed 
as a fuel for energy production, which eventually produces total combustion products, 
i. e. carbon dioxide and water. In the chemical sector the view is different, oxidation 
reactions are intended to be more selective towards production of useful products by 
using a catalyst, which lowers the activation energy for the selected process. 
Partial or selective oxidation by heterogeneous catalysis is considered one of the 
processes of great industrial importance. In these processes, organic feedstocks are 
converted in the vapour phase to useful products, which contain the same number of 
carbon atoms using solid phase catalysts. 
Heterogeneous catalytic oxidation processes account for 18.1 % of the output of the 
important catalytic processes by which major organic chemicals are produced (Figure. 
1-1) [6]. The major processes in this category include allylic oxidation to give 
aldehydes, nitriles, and acids, aromatic oxidation to give acids and anhydrides, 
epoxidation of olefins, methanol oxidation to formaldehyde, and to a smaller extent, 
paraffin oxidation to anhydrides (Figure. 1-2) [5]. 
Allylic oxidation, or the selective oxidation of olefins at the allylic position, 
represents a substantial portion of the production of important organic chemicals by 
heterogeneous oxidation. The research and study in the development of selective 
catalysts for allylic oxidation has led not only to successful commercial processes, but 
also to important concepts concerning selective oxidation and the phenomena of 
catalysis in general. 
18.1% 
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Figure 1-1: Important industrial catalytic processes [6]. 
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2 
9.8% 
Dehydrogenation 
There are different types of allylic oxidation reactions (Eqs. I-I to 1-6). These types 
include ammoxidation, partial oxidation, dimerisation, oxydehydrogenation, and 
acetoxylation reactions. 
CH2=CH-CH3+ NH3 + -2' 02 --3CH2-=CHCN + 3H20 2 Arnmoxidation 
CH2---CH-CH3 + 02 --)CH2==CHCHO + 
H20 Oxidation (1 -2) 
CH2--CH-CH3 +22' 02 ----ý'CH2=CHC02H+H2O Oxidation (1-3) 
2(CH2=CH-CH3) + -2L 02 ---*CH2--CH-CH2CH2-CH--CH2+H20 Dimerisation 
(1-4) 
I CH2=CH-CH2CH3+2 02-*CH2=CH-CH=CH2+ H200xydehydrogenation 
(1-5) 
CH2=CH-CH3 +1 02 + HOAc--+ CH2=CH-CH2OAc + H20 Acetoxylation (1 -6) 2 
In allylic oxidation, an olefin, usually propene is activated by the abstraction of a- 
hydrogen from the double bond to produce an allylic intermediate. This intermediate 
can be intercepted by lattice oxygen from the catalyst to form acrolein, acrylic acid, in 
the presence of ammonia it gives acrylonitrile, or it may just dimerise to form 1,5- 
hexadiene and/or benzene. 
The possibility of selective catalytic oxidation of propene to acrolein, hexadiene, and 
benzene via allylic intermediates has been widely emphasized in the literature [2-4]. It 
has been suggested [2] that this oxidation takes place via the oxidic species (oxygens) 
of the catalyst, and the role of the gas phase oxygen is merely to replenish the oxygen 
vacancies created by reduction of the catalyst surface. The first step in these reactions 
is abstraction of an allylic hydrogen from the propene molecule by an oxygen atom 
associated with an oxide catalyst (Bi203 or CuO). This step is believed to be the rate 
limiting one [7]. In the case of acrolein formation, the catalyst that is usually used is a 
Bi-Mo oxide, where the electrically neutral allylic intermediate thus formed is bonded 
to a molybdenum centre. 
The allylic intermediate is symmetric in the sense that the original Is' and 3d carbon 
atoms are equally likely to be found at the aldehydic end of the acrolein product. The 
next step is the bonding between a terminal allyl carbon and an oxygen bonded to 
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molybdenum. This step is followed by abstraction of an aldehydic hydrogen to form 
acrolein and water. In the absence of such a site where the allylic intermediate can 
form a bond then two allylic forms may bond to each other forming 1,5-hexadiene 
and water. 
In the commercial partial oxidation processes, air is usually used as the oxidant. This 
is considered as a drawback from an economical point of view because of the fact that 
either nitrogen must be separated from the product, or if oxygen is used then it must 
be separated from the air (usually cryogenically) upstream of the partial oxidation 
reactor. However, upstream nitrogen separation from the air is more economic than 
costly downstream purification of the desired product(s). As an attempt to overcome 
this drawback, the idea of a "membrane reactor" was introduced [10]. A membrane 
reactor is a chemical reactor in which at least one of the reactants or products is 
supplied or removed partly or wholly through a membrane. Consequently, this means 
that the membrane serves as the wall or part of the reactor wall. The use of a 
membrane rather than a conventional reactor offers several advantages, the main one 
being that it combines reaction and separation in a single unit 
There have been several types of membrane reactors, which have found use in 
industrial practice, particularly in biological systems. Such bio membranes or 
polymer-based membranes, which could be described as organic membranes, operate 
at low temperatures (usually less than 100'C), and are not suitable for the majority of 
industrially important catalytic processes, which in general require a much higher 
temperatures. 
Extensive research in the last decades resulted on the discovery and development of 
new materials that can operate as membranes at elevated temperatures. These 
materials, which have an inorganic origin, are of real practical interest. Based on the 
structure of the membrane and on the mechanism of transport of species through it, 
inorganic membranes are divided into dense and porous membranes [10]. Dense 
membranes are also divided in metal and solid electrolyte membranes. 
One of the most important features of solid -electrolyte membranes or cells is the 
ability to separate nitrogen and oxygen from the air and produce oxygen for industrial 
applications. In addition to the traditional routes to oxygen separation from air, the 
use of dense ceramic membranes has recently become an attractive method mainly 
because of the possibility of in situ utilisation of oxygen for partial oxidation of light 
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hydrocarbons, such as the formation of syngas from methane, ethylene production 
from ethane, oxidative coupling of methane, and so forth [11 ]. 
In the recent years certain solid ion conductors have been employed in heterogeneous 
catalysis by depositing a catalyst film on one side of the conductor, and a reference 
electrode on the other side. These membranes proved [8] to be effective in either in 
situ measuring the catalytic activity or in affecting the catalyst activity and selectivity 
by applying certain values of electrical potential between the reference and the 
catalyst electrodes. This enhancement in the catalytic activity and selectivity has been 
coined Electrochemical promotion (EP) or Nonfaradiac electrochemical Modification 
of the Catalytic Activity (NEMCA) because the enhancement in the rate of formation 
of the desired product exceeds by orders of magnitude the rate of supply of oxygen 
according to Faraday's law. 
The basic arrangement for an electrochemical cell employed in a solid-state 
electrocatalytic reactor is shown in Figure 1-3. The reactant 02 is ionised at the 
reference electrode by accepting two electrons from the current in the outside circuit. 
The oxygen ion transports through the oxygen vacancies in the lattice of the solid 
electrolyte until it reaches the interface between the electrolyte, the catalyst (working 
electrode) and the gas phase (reactants), (the three phase boundary), where the 
reaction takes place. 
Reference 
Side 
Air 
Reaction 
Side 
Reactant 
Figure 1-3: Basic arrangement for a solid-state electrocatalYtic reactor. 
Most electrochemical promotion work has used yttria-stabilised zirconia (YSZ), This 
is a ceramic oxide ion conductor, based on zirconia, ZrO, ) in the cubic fluorite 
structure. The addition of 6-10 mol%y')03 is necessary to stabilize this fluorite 
structure below 2400'C [9], and also results in the presence of a significant number of 
oxygen vacancies in the lattice. It is these oxygen vacancies, which are responsible for 
the 02- conductivity. At high enough temperatures oxygen ions are able to hop 
between these vacancies. Sometimes 5-15% mol% CaO is used as a dopant instead of 
Y103, producing calcia-stabilized zirconia. YSZ has been used as the electrolyte in 
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solid oxide fuel cells (SOFCs), where temperatures of about 1000'C are necessary for 
the YSZ to exhibit a high enough conductivity [10]; however for electrochemical 
promotion applications, a lower conductivity will suffice. Stabilized zirconia 
electrolytes have typically been used at 400-500'C [8]. 
To lower the operating temperature, either the conductivity of YSZ must be improved, 
or alternative electrolytic materials must be developed [13] that can replace YSZ. A 
concerted effort is being made by researchers around the globe to develop such 
materials. Ceramics that are currently being investigated include Gd-doped Ce02, 
Ba21n2O5 and (Sr, Mg)-doped LaGa03 (LSGM). However, these "novel" materials all 
face serious drawbacks compared with YSZ, and it is most likely that the first 
commercial SOFC units will use zirconia-based ceramics as the electrolyte. 
In this research project CaSZ cells have been employed for two simple reasons: 
I- They are readily available from the commercial market. 
2- They are made in a tube shape that is easier to apply to the design of a reactor. 
There are several possible advantages of using an oxygen ion conducting solid 
electrolyte in partial oxidation reactions, where the hydrocarbon and air are fed 
separately, these include [ 12]: 
I- The conduction of oxygen species can be very specific. Thus in 0 2- cells, the 
electrolyte serves not only as an oxygen ion conductor but also as a separator 
of nitrogen from oxygen of the air. Therefore, even if the cathode is exposed 
to air or any other mixture of oxygen with other gases, it is only oxygen that 
will be transported through the solid electrolyte. Thus the solid electrolyte 
membrane reactor serves as a natural separator of ambient air's two principle 
components, nitrogen and oxygen. In conventional systems, separation of 
nitrogen from product stream can be costly, depending on the product. If a 
solid electrolyte membrane reactor is used, this cost is eliminated. Typically, if 
air is used as the oxidant in a catalytic oxidation reaction, the effluent gases 
contain about 50% N-,. If pure02 rather than air is used, the reactor volume is 
reduced by 50%. 
2- The fact that any compound or element that is not the conducting species at 
the solid electrolyte can not get across from one electrode to the other is very 
crucial one. Since this would prevent the poisoning of the anode electrode or 
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the catalyst deposited on it from any impure reactants that could be fed at the 
cathode. 
3- It is likely that if oxygen is supplied electrochemically as 02- rather than as 
gaseous 02, the catalytic activity and/or selectivity to the desired products will 
be different. And, in general the reactivities of gaseous02and ionic 0 2- have 
been experimentally found to be different. However, even if the behaviour of 
these two oxygen species is similar, the solid electrolyte membrane reactor 
offers the possibility of dynamic modification of the catalytic activity. 
Modification of catalytic activity occurs when the reacting system exhibits the 
NEMCA effect. 
4- The solid electrolyte membrane reactor can operate as a chemical cogenerator, 
in which valuable chemicals are produced simultaneously with electrical 
energy. In this case, the cooling requirements are moderate compared to a 
catalytic reactor producing the same compounds because a major portion of 
the reaction exothermicity is converted into electricity. 
5- The ionic flux is not controlled by the concentration gradient of the conducted 
species but rather by the imposed electric current. 
6- Circumventing flammability limits, since the availability of oxygen in the gas 
phase with the reactant hydrocarbon is limited. 
1.1 Aims of Thesis 
The main objective of this research project is to investigate catalytic partial oxidation 
reactions (using propene partial oxidation as a model) in an electrochemical cell 
consisting of an oxygen ion conducting solid electrolyte and a catalyst employed as a 
working electrode deposited on the oxygen ion conductor. Evaluation and 
understanding of the effect of application of high electrical potential over the 
electrochemical cell, which in this mode works as an oxygen pump, on the activity 
and selectivity of the catalyst electrode. 
Another purpose of this work is to investigate the effect of high applied electrical 
voltage across an electrochemical cell on providing oxygen to the reaction zone. 
The effect of high potential application on the stability and performance of both the 
solid electrolyte as an oxygen pump and the working (catalyst) electrodes has to be 
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addressed. Also the effect of catalyst-electrode composition on the selectivity of 
partial oxidation reactions will be investigated. 
In order to accomplish the above objectives, the following tasks were performed: 
I- Correlation of the cell efficiency for pumping as a function of the passing current 
due to the high-applied voltages. 
2- Relation of the formation rates and selectivities of the reaction products to the 
pumping rate. 
3- Determination of the effect of high applied potential on the cell performance. 
4- Modification of the catalyst-electrode. 
5- Derivation of a partial oxidation mechanism for propene based on the 
electrochemical pumping of oxygen. 
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2. Theoretical Background and 
Literature Review 
2.1. Ion Conduction with Solid Electrolytes 
The first to report electrical conductivity in solid electrolytes was Michael Faraday in 
1834 [1]. He noticed that, while heating solid PbF2at 500 C it became an electrical 
0 
conductor. Almost a century later, that observation was explained [7] and it was 
established that PbF2 is a Fion conductor and it became clear that ions can diffuse as 
rapidly in some solids as in aqueous salt solutions. 
The development of the electrochemistry of solids was made possible because of the 
existence of solid electrolytes [2]. These are solid ionic conductors in which the 
electric current is carried by charged atoms, i. e. by ions [3]. 
Vayenas, et al [4] defined solid electrolytes or fast ionic conductors as solid materials 
whose conductivity is wholly due to ionic displacement, while mixed conductors are 
those materials, which exhibit both ionic and electronic conductivity. Similarly 
Stoukides [5] described solid electrolytes as solid state materials with an electrical 
conductivity partly or wholly due to ionic displacement. 
Bruce [6] pointed out that solid electrolytes are materials that conduct electricity by 
the motion of ions, and exhibit negligible electronic transport. 
Ionic conduction is caused by ionic displacement, which is due to some kinds of 
imperfections or disorders or defects in the crystal lattice [9]. 
2.1.1 Defects in Solids 
Among the different types of defects that occur in solids, are those, which occur at 
isolated atomic positions; these types of defects are called point defects. 
Point defects occur as a result of the presence of a foreign atom at a particular site or a 
vacancy where one would expect an atom. Point defects could have significant effects 
on the chemical and physical properties of the solid including the electrical 
conductivity. Point defects can be classified into two main categories: 
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a- Intrinsic defects which occur inside the crystal, where the overall composition 
does not change, and; 
b- Extrinsic defects, which can be created when a foreign atom is inserted jnto the 
lattice. 
a- Intrinsic defects: 
There are two important types of intrinsic defects in solids: Schottky defect and 
Frenkel defect. 
I- Schottky defect [10] 
A Schottky defect occurs when an atom or ion is missing from its normal site in the 
lattice. This type of defect does not affect the stoichiometry of the solid, because the 
vacancy created by a cation is associated by another one created by an anion and 
hence the neutrality of the crystal is preserved. This method is due to the hopping of 
vacancies along normal lattice positions where the ion hops in the opposite direction 
to the vacancy. The Schottky defect is the principal defect in the Alkali halides and 
alkaline earth oxides, and is shown in Figure 2-1 for NaCl. 
Na Cl Na Cl Na Cl Na Cl 
Cl F] Cl Na Cl Na Cl Cl 
Na Cl Na Cl Na n Na Cl 
Cl Na Cl Na Cl Na Cl Cl 
Na Cl Na Cl Na Cl Na Cl 
Figure 2-1: Schottky defect. 
2- Frenkel defect [I I] 
This kind of defects takes place when an atom or ion is displaced from its normal site 
in the lattice into an interstitial site that is normally empty (a cation vacancy with an 
interstitial cation, or an anion vacancy with an interstitial anion). Ions are promoted 
from normal lattice positions to interstitial sites. This defect is stoichiometric. This 
method of conduction is found, for example, for cations in alkaline halides, such as 
silver chloride as shown in Figure 2-2. 
Materials with Frenkel defects exhibit higher ionic conductivity than those with 
Schottky defects due to the fact that Frenkel charge transfer is via ion displacement 
through a series of interstitial sites. With Frenkel defects present, an ion in an 
interstitial position can either move to a neighbouring interstitial site, or replace a 
neighbouring ion in a normal lattice site which moves on then to an interstitial site. 
Ag Cl Ag Cl Ag Cl Ag Cl 
Cl Ag Cl Ag Cl Ag Cl Ag 
Ag 
Ag Cl [-] Cl Ag Cl Ag Cl 
Cl Ag Cl Ag Cl Ag Cl Ag 
Figure 2-2: Frenkel defect 
b- Extrinsic defects 
This type of defect can be accomplished by introducing vacancies into a crystal by 
doping it with a selected impurity. For example if CaC12 is added to a NaCl crystal, 
each Ca 2+ ion replaces two Naý ions in order to preserve electrical neutrality, and so 
one cation vacancy is created. Such created vacancies are known as extrinsic. An 
important example is that of Zirconia (Zr02)., which is going to be discussed later in 
this chapter. 
The formation of defects is an endothermic process, therefore the concentration of 
defects in solids increases with temperature 
Direct evidence that ions can carry an electrical current in solids, was presented for 
the first time by C. Tubandt [7] in 1910, when he studied Silver Iodide, which was 
known to have high electrical conductivity that was not electronic. He carried out an 
experiment in an electrochemical cell consisting of a silver iodide billet sandwiched 
0 between two silver electrodes, Figure 2-3, and heated to above 150 C. A known 
amount of electrical charge was passed through the cell, after that the electrodes were 
removed and weighed. The difference in weight between the two electrodes was 
almost exactly that expected if the charge carrier in the AgI solid electrolyte was Ag'. 
Hence he proved that the conductivity of silver iodide was due to Ag' motion. 
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-L 
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flow 
Figure 2-3: Simple apparatus showing that Ag' carries electrical current in AgI. 
Solid ionic conductors can be classified [2] according to the type of mobile ion that 
causes the ionic conductivity. The most important solid electrolytes are: 
I- Oxygen ion conductors e. g. Zr02 (10 MOI % Y203or 15%CaO) [12,13,14]. 
2- Sodium ion conductors e. g. P-NaAl 11017 [1,151. 
3- Silver ion conductors e. g. AgI [16,171. 
4- Copper ion conductors e. g. Rb4CU1617CII3 [2]. 
5- Lithium ion conductors e. g. Lil [18]. 
6- Fluorine ion conductors e. g. CaF2 [19,20]. 
7- Proton conductors e. g. CsHS04 [2] 
Since the applications of the oxygen ion conductors are within the field of 
heterogeneous catalysis, and they will be employed in this research project; they 
deserve a brief discussion. 
2.1.2 OxYgen Ion Conductors 
Oxygen ion conducting solid electrolytes represent one of the most important classes 
of solid electrolytes. They are the most understood and studied They are mainly solid 
solutions of oxides of divalent or trivalent metals (such asSC203, Y-? 03, CaO, La-)03) 
on oxides of quadrivalent metals (such as ZrO-), ThO-7, CeO-)). Due to the difference in 
ionic radius, oxygen ion diffusion is many orders of magnitude greater than the 
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Ag Ag ++ e- Ag ++ e- --0. Ag 
cationic migration (of both the host and the dopant ion). Thus within this class of solid 
electrolytes, oxygen is the major ionic charge carrier. Table 2-1 shows the ionic 
conductivity of some oxygen ion conductors. 
Table 2-1: Conductivity of several oxygen ion conductors [1]. 
Solid electrolyte Ionic conductivity. 10-4 
Q-1cm-' at 400'C 
Zr02(IOMOI%SC203) 12.7 
Zr02(9MOl%y2O3) 1.8 
Zr02(12mol%CaO) 0.072 
Th02(8mol%y2O3) 0.00629 
Ce02(llmol%La2O3) 0.491 
Hf02(8MOl%y2O3) 0.038 
The most important one is doped zirconium dioxide. There are two reasons for doping 
(making solid solutions) pure oxides of tetravalent metals such as zirconium dioxide 
with lower valence (di or trivalent oxides): 
I- Pure Zr02 exhibits three stable phases at standard pressure [2], depending on the 
temperature. At room temperature it has a monoclinic phase, which transforms 
into a tetragonal structure at about 1200'C. The cubic fluorite structure is found 
between 2370'C and the melting point at around 2680'C. The volume of the Zr02 
material changes with the phases. Therefore the material exhibits a poor thermal 
shock resistance. This makes the material not suitable for industrial and laboratory 
applications, since temperature fluctuations might not be avoided. Doping of 
zirconia results in preventing any phase transformation during heating or cooling 
processes. By controlling the amount of doping oxides it is possible to stabilise the 
cubic fluorite structure at room temperature, that forms the highest ionic 
conductivity. 
2- When Zr02 is doped with a lower valence metal oxide, a single oxygen ion 
vacancy is created for every two Zr4+ ions that were substituted because electro 
neutrality has to be preserved [2]. For example if Y203 is added to ZrO2, Y 3+ 
cation would occupy Zr 4+ site producing a relative negative charge with respect to 
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the host and balanced electrically by the formation of oxygen ion vacancies. This 
increase in oxygen ion vacancies results in an increase in the ionic conductivity of 
zirconia. 
3- This doping also broadens the range of oxygen partial pressures over which 
electrical conductivity due to electrons and electron defects (holes) is negligible 
compared to ionic conductivity. A maximum in ionic conductivity is observed for 
a specific concentration of added lower valence oxide (9% yttria for yttria 
stabilised zirconia). Of particular interest are the solutions of 6-10%Y203 in Zr02 
(yttria-stabilised zirconia) and 5-15% CaO in Zr02 (calcia-stabilised zirconia). 
The above solutions show significantly high oxygen ion conductivity over wide 
temperature ranges, generally with ionic conductivity increasing exponentially with 
temperature. 
Rickert [2] suggested from his study for doped Zr02 that electron conductivity occurs 
at low oxygen partial pressures, while electron defect conductivity is present at high 
oxygen partial pressures. Ionic conductivity does not depend only on oxygen partial 
pressure but also on temperature. Figure 2-4 presents the domain of the ionic 
conductivity of doped Zr02 
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Figure 2-4: Schematic representation of the conductivity behaviour of doped Zr02 as a function 
of the oxygen partial pressure and temperature [2]. 
2.1.3 Industrial Applications of Solid Electrolytes 
Solid electrolytes have major technological importance. Typical applications are 
presented below [8]: 
I- Sensors 
When the conduction mechanism of the solid electrolyte is affected by the 
concentration of the compound of interest, the cell can serve as a sensor for this 
particular species. Solid electrolyte incorporated in a cell can be used, for example, in 
the rapid, direct measurement of partial pressures in gases, Figure 2-5. 
Electrodes 
Measuring Reference 
side - side 
P, Solid p Electrolyte 
ions 
14 
_7 
E 
Figure 2-5: Open circuit measurements. 
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A practical example of this application is a k-sensor, which is used in controlling 
exhaust gas concentrations in car engine. 
The electrochemical cell can be used as a sensor either under open circuit 
(potentiometric measurements), which is going to be discussed in detail later on, or 
under closed circuit (amperometric, coulometeric, etc. ). In the first case, the sensor 
utilises thermodynamic principles, whereas in the latter, an electric source imposes a 
signal and its response is analysed afterwards [83]. 
2- Closed circuit measurements 
When an external voltage is applied across a cell or an electric current allowed to pass 
through the external circuit of a cell which contains a suitable solid electrolyte, mass 
transfer processes can be induced through the solid electrolyte, Figure 2-6. The 
conducting species move through the solid electrolyte from the reference side to the 
reaction side, where reaction takes place. The goal is the production of the product C. 
The external electric source is not always thermodynamically required, but is used in 
most cases so that either the cell potential or the current through the electrolyte is kept 
at a desired level. This application will be addressed in detail in the upcoming 
sections. 
Electrodes 
Reaction Reference 
Side Side 
A+B C Solid 
-LB 1( 
__j 
Electrolyte 
B ions 
I 
+- 
Figure 2-6: Closed circuit measurements 
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3- Solid Oxide Fuel Cells and Electrolysers 
This application could be considered as a reverse to the above application. The above 
application uses the potential difference to carry out a reaction, while in this 
application; the reaction is used to generate electrical current. 
A solid electrolyte fuel cell usually consists of a solid electrolyte e. g. doped Zr02 in 
the form of a tube or a disc, the voltage of such a cell is about IV. The solid 
electrolyte separates two electrode compartments, one containing air or pure oxygen 
and the other fuel gas such as hydrogen or carbon monoxide, Figure 2-7. The process 
of direct energy conversion taking place in a high temperature fuel cell may be 
described as follows: gaseous oxygen takes up electrons at one electrode, which then 
moves through the electrolyte in form of ions and combine at the fuel side with H2 or 
CO to give H20 andC02 respectively. The electrons given up at this electrode enter 
the external circuit and flow back to the other electrode. 
There are numerous advantages of solid oxide fuel cells compared to the other types 
of fuel cells, e. g., production of high quality exhaust heat, possibility of in situ 
internal re-forming of natural gas, use of less expensive electrode materials, etc. One 
of these noteworthy advantages is the possibility of chemical cogeneration (i. e., the 
simultaneous production of electricity and useful chemical products). For more details 
about solid oxide fuel cells and their recent trends, the reader is referred to a number 
of comprehensive reviews [84,85]. 
Cathode Anode 
H, +02- 02- 
2 
02 +2e- HO 
4- 
Air 
--Io. 
--Ill. 
H 
1- 
2e- 
Figure 2-7: Operating principle of solid oxide fuel cell 
4- Solid State Batteries 
From the reaction engineering viewpoint, the solid oxide fuel cell is equivalent to a 
continuous flow reactor. Accordingly, the solid state battery is a batch reactor. The 4: ) 
product of interest in both systems is electrical power instead of a chemical 
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compound. The only difference is that solid-state battery can be either "all solid", in 
which anode, cathode, and the electrolyte are all solid, or "solid-electrolyte" batteries, 
in which either or both electrodes are liquids [861. 
Solid electrolytes used in solid-state batteries are sodium-ion conductors, mainly 
consisting of P-A1203 They are used for energy storage. Other types of solid 
electrolytes used in batteries are lithium ion conductors. They find their main 
applications [21 in primary high-energy density batteries with long-life times where 
only low currents are to be drawn, e. g. in batteries required for pace makers. 
2.2 Application of Solid Electrolytes in Heterogeneous Catalysis 
Solid ion conductors have found numerous applications in research and in technology. 
In most of the studies in heterogeneous catalysis, which deal with solid electrolytes, 
oxygen ion conductors are mostly used. Among the rare earth oxides Zr02, Th02and 
CeO (see Table 2- 1), zirconium dioxide is the most frequently used. Solid electrolytes 
are used in heterogeneous catalysis in different ways. There are two broad 
applications, which are related to this research project: solid electrolyte potentiometry 
and electrochemical promotion of the catalytic activity. 
2.2.1 Solid Electrolyte Potentiometry 
Solid electrolyte potentiometry (SEP) is an electrochemical method for measuring a 
potential difference that exists between the two electrodes of a solid state 
electrochemical cell (see Figure2-5). In order to assure equilibration between the gas 
and the conducting ions in the solid electrolyte and to allow the established potential 
difference across the electrolyte to be measured, porous metallic electrodes need to be 
deposited on both sides of the electrolyte [2 1 ]. 
For oxygen ion conductor solid electrolytes, this potential difference is produced 
because of the different oxygen activities on both sides of the electrochemical cell. 
When this potential difference is measured, and by knowing the oxygen concentration 
on one side (reference side), one can determine the oxygen concentration on the other 
side (working side). Under open circuit conditions (no current passes in the cell), the 
measured potential difference, which is the E. M. F. of the cell (E), satisfies the 
following equation [51 
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E=Iý,, (working) - go 2 
(reference)) (2-1) 
4F 
Where: 
yo, (working): Chemical potential of oxygen adsorbed on the working 
(reacting) side electrode. 
go 
2 
(reference): Chemical potential of oxygen adsorbed on the reference side 
electrode. 
F. - Faraday's constant (96,494 As /mol) 
The above equation is based on the following assumption [I]: 
(1) The solid electrolyte is a pure 02- conductor. 
(2) The working and reference electrodes are made of the same bulk material. 
(3) The dominant electrocatalytic reaction, or the charge transfer reaction, taking 
place at the metal - solid electrolyte - gas three - phase boundary (tpb) is: 
02(9)+ 4e-(metal) 202- (electrolyte) (2-2) 
(4) There are no concentration or chemical potential gradients within the porous 
working electrode so that uO2 (working)is the same at the tpb and over the entire 
working electrode surface. 
The chemical potential of oxygen on either electrode can be taken from the following 
equation: 
P02 
0 +RTIn JU 02 --': ýU 02 po 
Where: 
Standard chemical potential for02at atmospheric pressure. 01 
R: ideal gas law constant. 
T. temperature, K. 
PO', : Partial pressureOf 02. 
P": Standard pressure. 
Using equation (2-3), equation (2-1) can be written as: 
(2-3) 
20 
E= 
RT 
In 
P02 
4F P02 
(2-4) 
Equation (2-4) is called Nernst equation and it allows for continuous measurement of 
oxygen partial pressure on the working side of the cell (Po 2 
). On the reference side of 
the cell, (PO, ) is known because usually pure oxygen or air is used, and in this case 
the cell works as an oxygen sensor. 
The Nernst equation is valid only if the following conditions are fulfilled [22]: 
(1) There is only one potential determining reaction, namely equation (2-2). 
(2) The conductivity of the solid electrolyte is exclusively due to oxygen ions. 
(3) Reaction equation (2-2) at both electrodes is in equilibrium. 
In addition to measuring oxygen concentration or partial pressure of an unknown gas, 
the SEP technique can be used to measure oxygen thermodynamic activity on the 
working electrode surface in a solid electrolyte cell. The open circuit voltage of the 
cell (E) cannot be determined using the activity of oxygen in the gas phase but the 
activity of adsorbed oxygen species on the working electrode or the catalyst. The 
charge transfer reaction can be written as: 
0 (ads) + 2e- (electrode) . 
0.02- (electrolyte) (2-5) 
Where 0 (ads) denotes oxygen atomically adsorbed on the electrode surface. The 
mechanism of this reaction consists of three steps: 
(1) Dissociative adsorption of molecular oxygen on the electrode surface, 
02 (g) *--* 20(ads) 
(2) Diffusion of oxygen to the three phase boundary (tpb), 
0 (ads)*. -* 0 (tpb) 
(3) Reduction of oxygen and incorporation in the electrolyte, 
0 (tpb) + 2e-(electrode) *--o- 0 2- (electrolyte) 
Due to the chemical reaction that takes place on the working electrode, the 
dissociative adsorption of oxygen is no longer in equilibrium, but the reduction step is 
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in equilibrium because of the open circuit conditions. The E. M. F of the cell can be 
expressed as: 
E= 
RT 
In - 
ao 
, 0*, 2F PO, 
(2-6) 
Where ao is the thermodynamic activity of oxygen atoms on the working electrode 
(catalyst). 
Since there is no activity on the reference electrode, oxygen adsorbed on the electrode 
surface is always in equilibrium with oxygen in the gas phase, therefore for air to be 
on the reference side Po2= 0.209 atm, and from equation (2-10) one can obtain cro: 
do = (0.209)y2exp 
2FE) ( 
RT 
(2-7) 
Equation (2-7) allows continuous measurement of the thermodynamic activity of 
oxygen adsorbed on the catalyst surface during reaction. a' equals the gas phase 0 
partial pressure of oxygen that would be in equilibrium with the adsorbed oxygen if 
such equilibrium were established. When the partial pressure of oxygen in the 
reacting side can be measured independently (e. g. analysis by a G. C. ), it should be 
possible to know whether equilibrium between adsorbed oxygen and oxygen from the 
gas phase exists or not. If such equilibrium exists then, 
2' 
= (2-8) 0 
P02 
Where PO, is the partial pressure of oxygen in the reacting side. 
If the adsorption of oxygen on the catalyst surface is the limiting step, then 
equilibrium does not exists, and 
2' P, I 
0 02 (2-9) 
Using solid electrolyte to measure oxygen activity on metal and metal oxide catalysts 
was first proposed by Wagner [24]. The first to employ SEP technique in 
heterogeneous catalysis were Vayenas and Saltsburg [25], when they studied the 
mechanism Of S02 oxidation using noble metals. They managed to determine 
simultaneously the rate of reaction and oxygen activity. 
II 
2.2.2 Theory of the Electrochemical Promotion of the Catalytic Activity 
When a metal catalyst film [1,4] is deposited on one side of a solid ion conductor, 
then the catalytic properties of the metal catalyst in situ, i. e. during a catalytic 
reaction, which takes place on the metal surface, can be modified in a pronounced, 
and reversible manner. This could be achieved by varying the potential of the metal 
catalyst (working electrode) with respect to a reference electrode deposited on the 
other side of the solid electrolyte. The change in the potential of the metal catalyst can 
be accomplished [23] by applying voltage between the working electrode and a 
counter electrode also deposited on the other side of the electrolyte. The experimental 
set up is shown in Figure 2-8. The catalyst film is exposed to a reacting mixture, while 
the counter and reference electrodes are usually exposed to an auxiliary gas, usually 
air. Sometimes both the counter and reference electrodes are exposed to the reacting 
mixture in the so-called single pellet design. It should be noticed that in this 
configuration the counter and reference electrodes should be chosen to be not active 
for the catalytic reaction. 
When there is no current passing between the counter electrode and the catalyst, i. e. at 
open circuit conditions then the current, I=0, and the potential difference between the 
reference electrode and the catalyst, VwR, equals that of the open circuit, VwR . At this 
condition the catalyst film works as a regular, unpromoted catalyst for the catalytic 
reaction under consideration. The catalytic rate measured under open circuit 
conditions is the original or unpromoted rate, r, 
I Reactants Catalyst film(W) 
Potentiostat/ 
Galvanostat 
$ounter 
electrode 
Solid electrolyte 
WR 
(C) Ir 
(R) 
V*"Reference 
electrode 
Figure 2-8: Typical experimental set-up for NEMCA studies. 
When a current J, is applied between the counter electrode and the catalyst film, 
anions or cations are transferred from the solid electrolyte to the catalyst film or vice 
versa at a rate of 
r. =IlnF (2-10) IWIS 
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Where: n is the ion charge. 
When anions are transferred from the solid electrolyte to the catalyst film, or cations 
from the catalyst film to the solid electrolyte, the current is defined positive. When 
anions are removed from the catalyst to the solid electrolyte or cations supplied to the 
catalyst from the solid electrolyte, then the current is defined negative. 
The process of using a galvanostat to fix the current between the catalyst and the 
counter electrode is known as a galvanostatic operation. 
The change in the catalyst potential, VwR, due to the application of current, I, between 
the counter electrode and the catalyst is termed overpotential, q: 
17 '6k v0 WR - 
YýR 
WR 
V (2-11) 
There is another mode of operation, where instead of supplying fixed current and 
measuring the potential of the catalyst, VwR ; it is possible to use a potentiostat to have 
a fixed potential over the catalyst, and thus the overpotential, q. This mode of 
operation is known as a potentiostatic operation. 
When the ions transfer at the rate of (I / nF ) and arrive at the three-phase boundaries 
(tpb) metal-solid electrolyte-gas, they have three possibilities: - 
(i) Desorption to the gas phase, e. g., 
20 2- --> 02 (9)+ 4e- 
(ii) Reaction with one of the gaseous components, e. g., 
(2-12) 
02- +H2 -ý H20(g) + 2e- (2-13) 
(iii) Migration (back spill over) on the catalyst surface 
02- +M -4 0'5- - M5' + 2e- (2-14) 
Where M is a metal atom on the catalyst surface. The term back spill over is used 
here to describe the migration of ions from the solid electrolyte to the metal, whereas 
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the term spill over is usually used in heterogeneous catalysis to designates migration 
from the metal to the support. 
The first enhancement in catalytic activity using the electrochemical promotion 
technique was reported in 1981 by Stoukides and Vayenas [26], for the case of 
ethylene oxidation over Ag electrodes. The reaction was studied using the solid 
electrolyte cell. 
C2H4, C2H40, C02,02, Ag//Zr02 (Y203)HAg, Air (2-15) 
It was found that when external voltages of maximum 2 volts were applied to the cell 
and 02- is pumped to the catalyst, the ethylene oxide selectivity and yield increased 
considerably. The increase in the rateOf C21-140production was more than 400 times 
the rate of 02- pumping through the solid electrolyte, calculated using Faraday's law. 
The group who observed this effect for the first time, called it Non-Faradaic 
electrochemical modification of catalytic activity (NEMCA) [27], because the 
enhancement obtained exceeds that predicted using Faraday's law by a large amount, 
and the role of these ions is not that of an electrochemically provided reactant. 
To describe the magnitude of electrochemical promotion for different catalytic 
systems that have been studied via NEMCA, Vayenas, et al. [1,4] developed 
definitions for some parameters that are used: 
i) The enhancement factor, or, Faradaic efficiency, A, 
Ar 
IlnF 
(2-16) 
,,, 
is the induced change in the catalytic reaction rate expressed in Where Ar =r-r 
mole-atoms of the pumped species per unit of time. 
For the majority of the reactions that have been studied so far, the transferred or 
pumped ions are 0 2- via the charge transfer reaction: 
1 
02+ 2e- ý4 02- 
2 
According to the charge transfer reaction, the ion charge, n, is equal to 2. 
(2-17) 
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Equation (2-16) implies that, for example, for ethylene oxidation mentioned earlier, 
each 02- supplied to the catalyst Ag, causes, on the average, 400 chemisorbed oxygen 
atoms to react with ethylene and form C2H40 and C02- 
A catalytic reaction is said to exhibit the NEMCA effect when IAI>I[1,4]. When 
A>1, the reaction is said to exhibit a positive or electrophobic NEMCA behaviour. 
When 
A <- 1, then the reaction is said to exhibit a negative or electrophilic behaviour. 
ii) Rate enhancement ratio: 
The rate enhancement ratio, jo, 
is defined as the ratio of the promoted reaction rate, 
r, to the unpromoted, r,, , catalytic rate: 
(2-18) 
iii) Promotion index, Pi, 
pi = 
Ar / r,, (2-19) 
Aoi 
Where Oj: is the coverage of the promoting (poisoning) species, i, on the catalyst 
surface. 
The promotion index is considered the most important parameter from a catalytic 
viewpoint for quantifying the promoting or poisoning effect of a given coadsorbed 
species, e. g. 02- on the rate of a catalytic reaction. Thus for a coadsorbed species, i, 
that just blocks surface site, Pi =-I, when species i promotes the catalytic reaction, 
then Pi > 0, and when the species i poisons or inhibits the reaction, Pi <-1. 
iv) NEMCA time constant: 
The NEMCA time constant, 'r, is defined [4] as the time required for the rate 
increase, Ar, to reach 63% of its steady state value during a galvanostatic transient. 
For NEMCA studies that used 0 2- conductors, it was observed [1,4] that the 
magnitude of r can be predicted from: 
r -= 2FN /I (2-20) 
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Where N is the reactive oxygen uptake of the metal catalyst, which expresses the total 
catalytic surface area (in moles). The parameter 2FN /I denotes [28] the time 
required to form a monolayer of oxygen atoms on a surface with N adsorption sites, 
when oxygen atoms are supplied as 0 2- at a rate I/ 2F. 
It has been confirmed theoretically [1,29,30] and experimentally [1,4] that the 
au absolute value, IA1, of the Faradaic efficiency A can be estimated for any reaction 
from: 
JAI = 2Fr, / Io (2-21) 
Where 10 is the exchange current of the electrocatalytic (charge-transfer) reaction at 
the catalyst-electrolyte interface. It expresses [30] the rates of the forward and 
backward directions of the charge transfer reaction at the (tpb), which are equal when 
I=0, i. e. at open circuit conditions. The exchange current is proportional to the tpb 
length [31], which in turn depends on the catalyst film porosity and on catalyst 
crystallite size and morphology. The magnitude of 10 is an indication for the 
polarisation of the catalyst-solid electrolyte interface. High 10 values indicate a 
nonpolarizable metal-solid electrolyte interface, whereas low I,, values imply a highly 
polarizable interface The extent of polarisation is measured by the overpotential, 77. 
When the catalyst-solid electrolyte interface is highly polarizable, that means it needs 
small amount of current to create high overpotential. 
Equation (2-21) shows that highly polarizable, i. e. low I, metal -solid electrolyte 
interface is required to observe high electrochemical promotion values. Also the 
intrinsic catalytic reaction rate, r, , has to be 
high. 
2.3 Electrochemical Promotion of Catalytic Systems 
Most of the studies that investigated the electrochemical promotion of the catalytic 
activity were concerned with total or partial oxidation reactions and they took two 
different approaches. In the first approach oxygen was present with the oxidisable 
reactant in the gas phase over the catalyst (working electrode) surface, and it is in this 
group where NEMCA effects were observed. In the second approach oxygen was not 
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present in the gas phase, and it is only supplied via pumping through the solid 
electrolyte. 
2.3.1 Oxygen Provided in the Gas Phase 
More than 50 catalytic reactions [32] have been investigated in detail by this approach 
on mostly metal catalysts, and rarely metal oxide catalyst. The catalysts that have 
been used are Pt, Pd, Rh, Au, Ag, Ni, and IrO2. A variety of solid electrolytes have 
been used too, including yttria- stabilized zirconia (YSZ), -A1203, CsHS04, CaF2, 
and others. The applied potential was in the range of -2 to +2 volts. The enhancement 
factor, JAI, that was obtained ranged from 1.2 to 3x 105 as shown in Table 2-3. 
Ethylene oxidation has been investigated thoroughly by electrochemical promotion 
technique. As was mentioned earlier, the first reported [26] results for electrochemical 
promotion was for ethylene oxidation. That study included both deep and partial 
oxidation reactions. In a later study [30] total oxidation of ethylene toC02over Pt 
was investigated, using a YSZ solid electrolyte. The results confirmed the previous 
findings; the production rateOf C02increased by a factor of 50 when oxygen anions 
0 2- were electrochemically pumped on to the Pt catalyst surface. The steady state in 
the catalytic reaction rate was 1000 higher than the transport rate of 02- to the catalyst 
surface. The phenomenon was completely reversible. Also ethylene oxidationtO C02 
has been studied [43] over Pt using Na3Zr2S i2PO I ANAS ICON) solid electrolyte, a 
0 sodium ion conductor at 430 C. 
Electrochemical supply of Na' to the Pt catalyst caused the catalytic rate to increase 
by up to 10 times compared to the unpromoted rate. The promotional role of sodium 
was attributed to enhanced oxygen chemisorption on the Pt catalyst-electrode surface. 
Marwood and Vayenas [28] investigated the effect of electrochemical promotion of 
catalytic activity on the oxidation of ethylene to C02 using dispersed Pt catalyst 
(dispersion 0.2-1-0) supported on Au films, which had been deposited on YSZ 
electrolyte. When applying negative current between the Pt/Au catalyst and the Au 
counter electrode, i. e. 02- pumped out from the catalyst surface to the solid 
electrolyte, the catalytic rate enhanced greatly, when the current was interrupted the 
rate returned to its open circuit conditions. 
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Table 2-2: Some catalytic reactions that investigated in electrochemical promotion while oxygen 
is present in the gas phase 
Reactants Products Catalyst Electrolyte T('C) A P Pj Reference 
(promoting ion) 
1. Electrophobic reactions 
C2H6 02 C02 Pt ySZ(02-) 420-500 102 2. 20 [61] 
CIH6,02 C3H60, CO2 Ag ySZ(02-) 320-420 3.102 2 1 [42] 
C2H4 02 C2H40, CO2 Ag ySZ(02-) 320-470 3.102 30 30 [26] 
C21-14 02 C02 Rh ySZ(02-) 250-400 5AW 90 90 [341 
C2H4 02 C02 Pt ySZ(02-) 260-450 3.105 55 55 [1,33] 
C2H4 02 C02 IrO2 ySZ(02-) 380 13 [63] 
C2H4 02 C02 IrO2 ySZ(02-) 350-400 2.102 6 5 [35] 
CH30H, 02 H2CO, CO2 Pt ySZ(02-) 300-500 1.104 4 3 [39] 
CH4, H20 CO, CO2 Ni ySZ(02-) 600-900 12 2 1 [401 
CH4,02 C02 Pt ySZ(02-) 600-750 5 70 70 [361 
CH4,02 C02 Pt ySZ(02-) 590 50 3 3 [371 
CH4,02 C02, C2H6, C2H4 Ag ySZ(02-) 650-850 5 30 30 [38] 
CH4,02 C02 Pt Na3Zr2Si2PO12(Na') 430 10 [431 
CO, 02 C02 Pt 0'-A]203(Na. ) 300-450 1.105 0.3 -30 [411 
11. Electrophilic reactions 
CIH6,02 C02 Pt ySZ(02-) 400-460 -2.103 6 [321 C21-16 02 C02 Pt ySZ(02-) 420-500 -20 7 [611 CO, 02 C02 Pt P'-A]203(Na, ) 300-450 -1.105 8 250 [41] CH4,02 C02 Au ySZ(02-) 700-750 -3 3 [44] 
Upon applying positive current, the rate decreased with 0 2- supply to the catalyst and 
again the effect was reversible. It was concluded that, as in their previous studies with 
continuous metal film catalysts, the observed promotional phenomena were due to 
electrochemically controlled migration of anionic oxygen between the solid 
electrolyte and the metal catalyst surface, and to the effect of this anionic oxygen on 
the chernisorptive bond strength of coadsorbed oxygen and ethylene. 
A different behaviour for Pt was reported [45] when it was deposited on -A1203, a 
Na' conductor solid electrolyte. It was found that when Na' was supplied to the 
catalyst-solid electrolyte interface, the rate of ethylene oxidation decreased by a factor 
5x 105 larger than the rate of Na+ supply. Na coverage of 0.015 suffices to cause a 
70% decrease in the catalytic rate. 
Pliangos, et al. [60] studied the kinetics of oxidation of ethylene over Pt, Pd, and Rh 
each one of them supported on five different carriers. They found that the type of 
support has an effect on the oxidation rateOf C2H4- In the same paper, they reported 
results for studying the kinetic Of C2H4 oxidation in an electrochemical cell of the 
form C2H4,02, Rh/YSZ/Pt, Air. They showed that the catalytic rate enhanced by 100 
fold when oxygen anions were supplied to the catalyst surface upon application of 
positive potential to the catalyst 
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While most of the work that has been done on the electrochemical promotion used 
metal catalyst as the anode or the working electrode, Nicole and Comninellis [631 
used metal oxide catalyst as the anode. They tested combustion of ethylene in a single 
pellet electrochemical cell consisting of Ir02as the working electrode and YSZ as the 
solid electrolyte, which is an 0 2- conductor, and Au as the counter and reference 
electrodes. It was found that, applying a constant current to the cell enhanced the 
combustion rate significantly, even when the current was interrupted, the rate did not 
go back to the open circuit conditions, though it decreased. The enhancement in the 
catalytic reaction rate was 13 times larger than the open circuit rate. 
Propene partial oxidation and deep oxidation [42] over Ag, and recently, deep 
oxidation [32] over Pt have been studied in an electrochemical cell utilising YSZ as 
an 02- conductor. There was not much improvement in the selectivity0f C3H60, the 
intrinsic selectivity was very low, 3%, and it could be increased up to 4% by using 
positive current, i. e. supplying 0 2- to the catalyst-electrolyte interface. However, the 
rate of propene oxidation over Ag electrode to C3H60 and C02 enhanced by a factor 
of 150 larger than the 02- pumping rate. Upon reversing the polarity, i. e. removing 
oxygen from the catalyst to the solid electrolyte, the selectivity to C3H60 decreased 
by the same amount of its increase upon applying positive current, and the rate of 
propene oxidation decreased too. Upon interruption of current the rate of oxidation 
and the selectivity to C3H60 returned to their intrinsic values. It was concluded that 
the magnitude of the catalytic rate enhancement was dependent on the imposed 
currentl anodic gas composition, catalyst electrode surface area and was proportional 
to the pumping voltage. This pronounced effect has been attributed to the formation of 
a catalytically active surface silver oxide at the anode, which is similar to ethylene 
epoxidation in the same system [26]. 
For complete oxidation of propene over Pt [32], the behaviour was different from that 
observed for Ag, it was found that the rate of propene oxidation increased by up to a 
factor of 6 when oxygen was electrochemically removed from the Pt surface. The 
reaction rate was 2000 higher than the rate of 02- removal from the catalyst surface. In 
contrast, it was found that electrochemical Supply Of 02- to the catalyst surface had no 
significant effect on the catalytic rate of Propene oxidation. 
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The catalytic activity and selectivity of Pt for oxidation of methanol to formaldehyde 
and C02 have been investigated [461 in a single pellet electrochemical reactor 
comprising of a YSZ solid electrolyte and Pt as the working (catalyst) electrode, and 
Ag as the reference and counter electrode. It was reported that when a current was 
applied between the catalyst film (Pt) and the counter electrode (Ag), the increase in 
the rate of H2CO production was a factor of 100 higher than the rate of 0 2- supply to 
the catalyst with a concomitant 2-fold increase in selectivity. The same reaction was 
tested over Ag [47] in a fuel cell type reactor. It was found that the steady state 
increase in the catalytic rate was a factor of 20 higher than the rate of 0 2- transferred 
from the catalyst surface. Over a wide range of experimental conditions the rate of the 
catalytic reaction increased exponentially with catalyst -solid electrolyte interface 
overpotential, T1. 
In another study [39] the above reaction was tested over Pt deposited on YSZ solid 
electrolyte, it was found that both electrochemical supply and removal of 02- from the 
catalyst surface improve the catalytic reaction. The enhancement was 10 3_ 10 4 higher 
than the rate of 02- transport to or from the catalyst surface. The product selectivity of 
formaldehyde (H2CO) can be varied between 35 and 60% by controlling the catalyst 
potential. 
Oxidation of ethane was investigated by Kaloyannis and Vayenas [61], using an 
electrochemical cell Pt/YSZ/Au. Pt is the working electrode and the catalyst, and Au 
serves as the counter and reference electrodes. It was found that both positive and 
negative potentials enhance the oxidation rate by 20 and 7 times respectively, higher 
than open circuit rate. 
Mar'ina, et. al. [56] studied methane oxidation on a gold electrode in a solid 
electrolyte fuel cell. They found that anodic polarisation, i. e. 02- pumped to the Au 
electrode, does not affect the formation of CO, but slightly enhances the formation of 
CO, ), while cathodic polarisation suppresses production of CO and enhance greatly 
C02 formation. This effect was reversible, upon interruption of the electric current, 
the rates returned to the open circuit levels. The effect on the consumption of methane 
was purely faradaic; the enhancement factor was only 0.5, which is much smaller than 
those in literature for other systems exhibiting the same effect. In another study [36] 
niethane oxidation was investigated in an electrochemical cell consisting of YSZ and 
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Pt electrode as the catalyst, it was noticed that the oxidation rate of methane increased 
by a factor 70 times higher than the open circuit rate. This is considered as an 
evidence that to have NEMCA effect, the metal or working electrode has to be 
originally active for the specific reaction. Since Au has a low activity for methane 
oxidation, the electrochemical modification was purely faradaic. 
Tracey et al [58] investigated the catalytic hydrogenation of acetylene to ethylene and 
ethane using Pt as the working electrode, which is considered to be a poor selective 
hydrogenation catalyst for acetylene. They used an electrochemical cell consisting of 
,8 -Alumina solid electrolyte, which 
is a Na+ conductor and Au as reference and 
counter electrodes. It was found that electrochemical promotion, in a large excess of 
hydrogen and at temperatures below 500 C, converted Pt from a poor catalyst for the 
selective hydrogenation of acetylene to an active, selective catalyst. 
2.3.2 Electrochemical Oxygen Provision 
This type of study concentrated on activation of molecular oxygen using an 
electrochemical cell of the type M/YSZ/N4, Figure 2-9, where M, and M are metal 
electrodes acting as anode and cathode, respectively. Upon application of electrical 
potential between the cathode and the anode, oxygen can be pumped from the cathode 
to the anode. Oxygen flux is controlled by varying the applied electric potential. In 
this system molecular oxygen is reduced by 4e- transfer on the cathode surface, 
incorporated into and transported across the YSZ, and then reoxidised by losing 
electrons to the anode surface. This is potentially important for catalytic oxidation, 
since activation of molecular oxygen can be achieved by its reduction, leading to 
formation of active species such as 0-, 02-, or atomic oxygen species, 0-. It is 22 
likely that these types of oxygen species are produced on the anode surface during 
oxygen pumping through the cell, and can be used in catalytic oxidation reactions. 
Using this configuration, an electrochemical route has been employed in partial 
oxidation of light hydrocarbons. For instance production of synthesis gas (CO +H2) 
from oxidation of methane has been investigated extensively [48], where oxygen is 
totally supplied via pumping through the solid electrolyte ion conductor. 
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4e ---> 20 
Figure 2-9: Electrochemical cell when oxygen provided through pumping only. 
This route has advantages over both the commercially used steam reforming process, 
and the conventional partial oxidation route. Steam reforming is a heat intensive 
process due to the endothermicity of the reaction between CH4 and H20. For the 
partial oxidation route, presence of CH4andO2under certain operating conditions has 
a potential for explosion, and using air as the oxidant leads to the requirement for 
separation of the product from nitrogen or separation of oxygen from air before 
reaction. 
Partial oxidation of methane has been studied [49] at a low temperature of 500'C in 
an electrochemical cell utilising YSZ as the 0 2- conductor and Rh as the anode. It was 
found that upon applying a potential of 2V, both the partial oxidation of methane to 
CO-1-12 as well as the total oxidation to C02-1-120proceeded on the Rh surface. It is 
considered that the complete oxidation was achieved by the oxygen species appearing 
at the three-phase boundary of Rh/YSZ/ atmosphere through YSZ. Direct partial 
oxidation was realised by the oxygen species migrating from the three-phase 
boundary onto the Rh surface. In a later study [34] it was found that the type of 
methane oxidation was highly dependent on the oxidation state of Rh surface, reduced 
Rh surface was found to accelerate the partial oxidation to synthesis gas, while 
oxidised Rh surface catalysed the total oxidation to C02 and H20. Concentration of 
oxygen over Rh had an effect on the selectivity too; a high oxygen concentration led 
to complete oxidation, while an adsorbed oxygen species favoured the partial 
oxidation. 
Partial oxidation of methane to synthesis gas has been studied by Hamakawa et 
al. [591 using a Pd/YSZ/Ag electrochemical membrane reactor under oxygen pumping 
33 
M M' 
conditions at 5mA. The system showed high activity for CO production with 
selectivity as high as 96.3% at 500'C. H2 production depended on the oxidation state 
of the Pd anode surface, when it was treated with H2 at 5000C the rate of production 
of H2 decreased greatly, while upon oxidation in an air stream the production rate of 
H2 was enhanced. 
Mar'ina, et al. [50] compared oxidation of methane in three modes for Ag and Au as 
catalyst-electrodes in an electrochemical cell utilising YSZ. In the first (catalytic) 
mode, the electric circuit was open and a mixture of CH4 and 02 was fed to the 
working electrode, and hence the working electrode worked as an ordinary catalyst. In 
the second mode (electrocatalytic) methane alone was fed to the working electrode 
while 02 was supplied to the reaction zone through the electrolyte by passing current 
through the cell. In the third (mixed) mode a flow Of 02 and CH4 mixture was fed and 
02 supplied through the electrolyte by applying an electrical current to the cell. At 
reaction temperatures from 700-750'C, it was found that the most significant 
enhancement in the reaction rate was observed at the cathodic polarisation of Ag and 
Au electrodes i. e. when oxygen is pumped from the reaction zone. 
Conversion of ethane to acetaldehyde on an Au electrode has been studied [54] using 
the electrochemical membrane reactor with YSZ solid electrolyte at 475'C. It was 
found that on applying a direct current to the cell, acetaldehyde was formed and the 
formation rate increased linearly with increasing current. Selectivities to acetaldehyde 
andC02were 45 and 55%, respectively. The addition of oxygen to the ethane-mixed 
gas in the anode space did not affect the acetaldehyde formation. The use of YSZ 
powder as a fixed bed catalyst under the mixed gas flow of ethane and02 at 450- 
600'C resulted in formation of complete oxidation products. It was concluded that 
partial oxidation of ethane to acetaldehyde was caused by the oxygen species 
transferred electrochemically through the YSZ which appeared at the gold -YSZ-gas 
three-phase boundary. The following mechanism was proposed: ethane is 
dehydrogenated to ethyl radical, then converted to ethoxide, and finally to 
acetaldehyde by the oxygen species transferred through the YSZ. 
Hamakawa et al [571 have used (Ce02)0.8(SMOI. 5)0.2 as a solid electrolyte instead of 
YSZ in investigating the electrochemical oxidation of propene to acrylaldehyde on an 
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inert gold electrode. They showed that it is possible to partially oxidise propene to 
acrylaldehyde in that system at lower temperatures (350-4500C) than those using YSZ 
(more than 5000C), and the rate of oxidation increased with increasing current 
density. The addition of oxygen in the anode space to the gas mixture did not affect 
the acrylaldehyde production, so they concluded that propene oxidation to 
acrylaldehyde was performed by oxygen species produced electrochemically at the 
triple phase boundary of the gold-electrolyte-gas phase. In a recent study [53] the 
same reaction was carried out in the same system with a slight modification, the solid 
electrolyte was coated with YSZ. It was found that, the selectivity to acrylaldehyde 
obtained was about 4.2 times higher than that obtained using the bare solid 
electrolyte. This result indicates that the YSZ coating reduces the complete oxidation 
of propene. 
The application of an electrochemical cell of the form Au/YSZ/Ag has been used [62] 
for the partial oxidation of ethane, propane, and butane to oxygenates. The Au anode 
is considered to be inert for dissociative activation of molecular oxygen. It was found 
that at 475'C, the oxidation rate Of C21-16 increases with oxygen pumping, and this 
increase is a linear function with the electric current while at open circuit conditions, 
there was no oxygenate formation despite the presenceOf 02 in the Au anode space. 
The same behaviour was noticed withC3H8 andC41410 at different temperatures. The 
applied voltages in these experiments were from 0 to 1.0 V. 
In another study [51] the same system has been used to test partial oxidation of 
ethene, propene, and butene-1 to their corresponding oxygenates. The formation of 
the oxygenates as well as the complete oxidation products was observed over the Au 
anode under oxygen pumping. Under open circuit conditions, no oxygenated products 
have been observed for both propene and butene-1, while it was observed for ethene. 
In both studies, it was concluded that oxide ions were partially reoxidised at the triple 
phase boundary of Au- YSZ- atmosphere on the anode surface to form an active 
oxygen species, which can oxidise alkanes and alkenes to the oxygenated compounds. 
In a later study [52] partial oxidation of propene and butene-I has been carried out in 
the same system, with the modification that three types of Mo-Bi mixed oxide catalyst 
were deposited on the Au anode. For propene oxidation, M003 showed the highest 
activity among the catalysts and its activity was up to 600 times higher than that 
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obtained with the same catalyst using a mixed gas flow reaction. The electrochemical 
reactor showed higher selectivity for propene to acrylaldehyde. In butene- I oxidation 
the main product was butadiene and Bi2MO209 (A showed the highest activity. 
The work that has been reviewed so far in this area dealt with the electrochemical 
supply of oxygen in the context of one of the following approaches: 
1- Providing oxygen in the gas phase as an oxidant, and supplying oxygen species by 
applying small electrical potentials over the solid electrolyte cell. The effect of 
these oxygen species, which was provided electrochemically due to the 
application of small applied potentials, on the activity and selectivity of the 
catalyst electrode was investigated. 
2- Oxygen was only electrochemically supplied in small amounts through small 
voltage applications. All the oxygen that was supplied was consumed by the 
reactions. The purpose of this approach was to investigate the activity of oxygen 
species provided electrochemically in catalysing the partial oxidation reactions. 
The purpose of this research project is to investigate the effect of high voltage 
applications across an electrochemical cell in order to provide oxygen to the reaction 
zone. 
Oxygen will be provided only electrochemically, with the opportunity of modifying 
the catalyst activity and selectivity due to the high supply of electrochemical oxygen. 
In conclusion this research project is considered to be a combination between 
approaches (1) and (2) mentioned above. 
2.4 Selective Oxidation of Propene on BiMo Mixed Oxide Catalyst 
The process of catalytic oxidation of olefins to aldehydes over metal oxide catalysts 
came under focus in 1948, when Hearne and Adams [64] discovered that propene 
could be selectively oxidized to acrolein over cuprous oxide. However the real 
importance of olefin selective oxidation has been gained after the discovery of 
bismuth molybdate as an oxidation catalyst [65]. Acrolein was produced from 
propene in higher yields using bismuth/molybdenum catalyst than using cuprous 
oxide. On the other hand and may be with greater importance, acrylonitrile was 
produced from a mixture of propene, oxygen, and ammonia over 
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bismuth/molybdenum catalyst [661. This ammoxidation process has been brought to 
commercial realisation by the Standard Oil of Ohio Company (SOHIO), and the 
vapour phase oxidation and ammoxidation processes that they have developed are 
now utilised worldwide. 
Oxidation of propene on bismuth/molybdenum catalyst will be emphasised in this 
section because it is used in this research. Detailed discussion regarding other 
selective (amm)oxidation catalyst materials is outside the scope of this thesis and for 
further information, the reader is referred to a book by D. J. Hucknall [67], and other 
detailed reviews [68,69,70]. 
2.4.1 Mechanisms of Propene Oxidation to Acrolein. 
The oxidation mechanism of propene can be modelled according to the general 
mechanism for the oxidation of hydrocarbons which has been drawn from that 
suggested by Mars and Van Krevelen [71] for the oxidation of naphthalene. The 
mechanism of propene oxidation over BiMo mixed oxide catalyst may be represented 
by the sketch in Figure (2-10). The reactant propene is adsorbed on an Bi 3+ site to 
form a chemisorbed species. This adsorbed species reacts with the lattice oxygen that 
is associated with the Bi3+ site, which produce a partially oxidised product. 
CH2::::::: CH-CH3 
2O 
02 
CH, )=CH-CHO 
Ailb, 
H20 
mo6+ 
94 
Figure 2-10: Catalytic Selective oxidation, reduction-oxidation cycle [69,701. 
The lattice oxygen from a neighbouring Mo 6+ moves to B i3+ site in order to replenish r7. 
the oxygen lost, at the same time electrons which are produced at Bi 3+ site are 
transported to M06+ site. Molecular oxygen is adsorbed at the Mo 6+ site where it is 
converted to lattice oxygen. The oxidation of B i3+ site by transport of the lattice 
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oxygen from Mo 6+ and the reduction of Mo 6+ by transport of electrons from Bi3+ is a 
continuous process as long as propene is available to reduce the B i3+ site, and oxygen 
is available to oxidise the Mo 6+ site. 
It is generally agreed [72,73] that the first step in the partial oxidation of propene is 
the abstraction of a methyl hydrogen (Eq. 2- 22) by an oxygen atom associated with 
bismuth. This step is normally considered to be rate limiting. 
-H CH2-'--: CH-CH3 jo CH2-CH-CH2 (2-22) 
......................................... 
The allylic intermediate that is formed is electrically neutral and is ; r-bonded to a 
molybdenum centre, and thought to be symmetric, i. e., the original 1 and 3 carbon 
atoms are equally likely to be found at the aldehydic end of the acrolein product. 
Formation of these symmetric allylic intermediates was realised using infrared and 
electron spin resonance techniques [74]. An evidence of the formation of the allylic 
intermediate was also given by Adams and Jennings [72] using deuterium labelled 
propenes CH2=CH-CH2D and CHD=CH-CH3. Further evidence was presented by 
Sachtler and DeBoer [75] using labelling, but this time for carbon atoms, where a 
carbon atom in the I or 3 position of the propene molecule was labelled with 
14C. It 
was found that the reaction produced acrolein with 14C present in both the aldehyde 
and methylene positions. Acrolein produced using position-2 labelling in the propene 
molecule showed no 14 C in the terminal carbon positions. 
The reaction mechanism is confirmed up to this stage, i. e., the formation of the 
adsorbed allylic species, and there is a total agreement in the literature about it. 
However there is some dispute about the subsequent reactions and the stages leading 
to the later insertion of oxygen [67]. The second step is the formation of a -bond 
between a terminal allyl carbon and an oxygen bonded to molybdenum. The third step 
is a second abstraction of a hydrogen atom from the aldehydic end. 
Ono et al. [88] compared the rates of propene conversion in the absence of oxygen 
with those in the presence of oxygen at the same propene pressures. Over the Bi-Mo 
oxides which were mainly composed of the P- or y- phase, the rates for acrolein 
formation were 3.5- 4.5 times bigger in the presence of oxygen than in the absence of 
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oxygen. in contrast, some Mo containing oxide catalysts such M003, CO-MO (111), 
Co-Te-Mo (1/1/1) and other Bi-Mo oxides exhibit little or no difference in the rates of 
acrolein formation in the presence or absence of oxygen. it was suggested that such a 
sensitive effect of oxygen on acrolein formation over P- and 7- phase oxides seems to 
originate from an appreciable increase of active sites owing to a reoxidation step. 
Using 1 80 tracer studies in propene oxidation, the extent of lattice oxygen 
participation were determined over various Mo oxide catalysts. The number of active 
sites for propene oxidation was found to be closely related to lattice oxygen 
participation. 
2.5 Oxidative Dimerisation of Propene to 1,5-Hexadiene 
As was mentioned earlier [76,77,78], the first step in oxidation of propene is the 
abstraction of an allyl hydrogen atom from propene molecule to form an allylic 
intermediate. After this step there are different routes, which could lead to quite a few 
final products, such as propene oxide, acrolein, hexadienes and then to benzene, or to 
total oxidation products (C02) 
1,5-hexadiene is produced from propene due to the combination of two allylic 
intermediates [77], or reaction of an allyl intennediate with propene [78]. 
Bi203-La2O3 oxide-ion conducting catalyst was used [76] in the oxidative 
dehydrodimerization of propene to C3-dimers (1,5-hexadiene and benzene) at 600'C 
and atmospheric pressure. The catalyst disk separated propene from air. It was found 
that selectivity to 1,5- hexadiene was much greater than when 02 was added to 
propene. When there was propene present on one side of the catalyst disk and air was 
stopped on the other side, the reaction stopped rapidly. It was concluded that the 
considerable increase in selectivity to C3- dimers was due to the continuous 
reoxidation of the catalyst surface by migration of lattice oxide ions, which replace 
the spent lattice oxide. As long as the rate of oxide ion conduction through the catalyst 
disk is faster than the rate of propene oxidation, overreduction of catalyst disk and 
loss of catalyst activity was not observed. 
Martir and Lunsford [79] studied the formation of TE-allyl radicals from propene over 
bismuth oxide, bismuth molybdate, and molybdenum oxide catalysts. In addition to 
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that they performed a blank run using Pyrex wool. It was found that with very low 
flow rates of gas phase oxygen, Bi203 was very effective in allyl radical formation but 
when the rate of gas phase oxygen increased this activity decreased. Bismuth 
molybdate produced allyl radicals but was not as effective as Bi203. M003 acted as a 
sink for any radicals produced in the system due to the presence of Pyrex wool. It was 
found that when the rate of gas phase oxygen increases, the allyl radicals (C3H5*) 
convert to allylic peroxy radicals (C3H5020), which decompose to C02 and other 
undesirable products. This finding was also mentioned by Swift et al. [80]. On 
identical conditions final products were analysed instead of the allyl radicals, it was 
found that Bi203 was an effective catalyst in formation of 1,5-hexadiene, while 
bismuth molybdate is catalyst for the formation of acrolein. From all the previous 
observations, it was concluded that the post catalytic recombination of allyl radicals 
serves as a major pathway for the formation of 1,5-hexadiene. 
It is known that the lattice oxygens of the oxidation catalysts [81] participate in the 
reaction according to the Mars and Krevelen kinetic mechanism, which consists of 
two steps. The first step is the oxidation of the hydrocarbon molecule by the surface 
lattice oxygen of the oxidised form of the catalyst and hence the surface of the 
catalyst will be reduced. The second step is the reoxidation of the catalyst by gas 
phase oxygen co-fed with the reactant hydrocarbon. 
Bi203doped with transition elements (La, Ce, Eu, Er, V, Nb) has been used [82] as a 
dense membrane in a catalytic membrane reactor for the oxidative coupling of 
propene to 1,5-hexadiene. Air was allowed to pass on one side (the oxidation side) 
and propene on the other side (reaction side) of the membrane. On the reaction side 
propene is oxidised by surface 0 2- so that the surface is depleted and bulk 0 
2- diffuse 
to refill the vacancies created by the oxidation of propene. On the oxidation side of 
the membrane, gaseous oxygen is first reduced and then 0 
2- oxide ions diffuse 
towards the other side. The driving force is the oxidation of the hydrocarbon, and the 
mobility of the lattice oxygen depends on the ionic conductivity of the catalyst. It was 
found that the reoxidation of the catalyst surface is rate limiting, and hence Bi203 is 
reduced to Bio, and the turnover of the oxidative dimerisation of propene is decreased. 
It was found that the effect of dopants was to increase the ionic conductivity of Bi201. 
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Due to the fact that the catalysts are poor electronic conductors, the first step, which is 
the reduction Of 02 in the air side (oxidation side of the membrane) to 02-, is too slow 
and the oxygen vacancies at the reaction side are not replenished. It was concluded 
that the texture of the solid samples that were used was not appropriate, because of 
numerous grain boundaries and uncontrolled porosity due to the formation of liquid 
droplets of Bio. Therefore the molecular diffusion of dioxygen was prevailing, which 
accounts for the large amount of carbon oxides formed during the reaction. 
Trimm and Doerr [87] studied the catalytic oxidation of propene to hexadiene over 
thalliurn oxides. They found that the reaction is selective to the 1,5-hexadiene, with 
carbon dioxide as the only other product, which they suggested originates from the 
over oxidation of the hexadiene. The active component has been found to be thallic 
oxide, which is reduced during the course of the reaction. They also found that 
permanent deactivation of the catalyst may be avoided if sufficient oxygen is present 
in the gas phase to rapidly oxidise the catalyst. The production of hexadiene was 
found to be favoured at high temperatures, but the catalyst may deactivate faster under 
these conditions. 
2.6 Propene Oxidation on Silver and Gold 
Most of the processes for the partial oxidation of propene are carried out over various 
composite metal oxides. However in research literature a few studies utilized 
supported metal catalysts, such as silver [89] and gold [90]. 
Ranney and Bare [89] studied the adsorption and reaction of propene on oxygen 
covered Ag (110) surface. They found that with increasing propene coverage on the 
Ag oxygen pre-covered surface the water yield increases and the yield of carbon 
dioxide decreases, indicating that water formation through hydrogen abstraction 
consumes the bulk of the oxygen at higher propene coverages. They also found that 
H20 desorption occurs at lower temperatures than C02 desorption, from which they 
inferred that hydrogen from propene reacts with the oxygen first, and any remaining 
oxygen reacts with surface carbon forming C02. They noticed that when sufficient 
oxygen is present a lower temperature for C02 desorption is observed. 
Barteau and Madix [9 11 proposed a mechanism for the total oxidation of propene to 
carbon dioxide and water on silver surfaces by which propene reacts irreversibly to 
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form hydroxyl groups plus adsorbed carbon on the surface. A portion of the carbon is 
subsequently oxidized by oxygen atoms liberated by the disproportionation of 
adsorbed hydroxyl species. Because of the unfavourable selectivity of this reaction, it 
is of limited utility for the commercial production of propene oxide, and considerably 
less attention has been devoted to the oxidation of propene on silver than to that of 
ethylene. 
Prince et al. [92] proposed the following reaction scheme for interaction of oxygen 
with Ag (110). At a temperature of 25 K 02 adsorbs into the physisorbed precursor 
state with some formation of the molecular chemisorbed state. On warming, the 
physisorbed state desorbs and/or partly converts. At 170 K, the chemisorbed state also 
partly desorbs and partly dissociates into the atomic state (labelled 0"') which 
recombines and desorbs, leaving an uncovered surface at temperatures above 580 K. 
increasing the oxygen dosing temperature may lead to the absorption into the bulk 
(labelled Op). Heating bulk- loaded silver causes segregation of OP and conversion to 
0,, with subsequent partial desorption. 
Interaction of oxygen with Ag (I 11) at high temperature and atmospheric pressure 
was studied [93] using spectroscopic and structural analysis methods. It was observed 
that a strongly bound surface layer of oxygen (labelled 0. ) was formed. In addition 
the surface oxygen (0, ), and the bulk-dissolved oxygen (0p) were also observed. All 
the spectroscopic data pointed to the presence of one monolayer of silver-embedded 
oxygen, which is dynamic equilibrium with surface atomic oxygen segregated from 
the bulk at high temperature. The oxygen embedded in the topmost silver layer is 
strongly bound to the metal, with its interaction being different from adsorbed atomic 
oxygen and bulk A920- It is stable up to 900 K, in contrast to the binary silver oxides, 
and relevant to high temperature oxidation reactions catalysed by Ag. A confirmation 
for existence of such strongly bound surface oxygen species came from Wang, et al. 
[991 who studied the interaction between oxygen and silver surface at high 
temperature, they found that when dosing oxygen to silver surface at 873 K, a new 
atomic oxygen species forms on the silver surface. This species of oxygen has a very 
high thermal stability. Its desorption was detected only above 973 K. 
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Carter and Goddard [94] have used generalized valence bond (GVB) theory to 
calculate the energetics of the elementary steps for olefin oxidation on silver surfaces. 
Based on these calculations they suggested that: 
(i) Two types of atomic oxygen exist on an Ag (110) surface. At low 
coverages a closed shell form predominates, whereas for high coverage of 
00 > 0.5 ML an open shell, surface atomic oxyradical (SAO) is 
preferentially formed. The oxyradical is in the ground state and has 
unpaired (radical) electron in aP orbital, perpendicular to the surface. In 
contrast the closed shell type has both electrons of 0 atom paired into 
bonds to the metal surface. Due to the unpaired electron in the orbital 
pointing away from the surface, SAO is active for the epoxidation and for 
combustion of higher olefins via a direct attack of the double bond 
followed by ýC-H bond activation, whereas the closed shell form is 
relatively unreactive, since the electrons on oxygen are strongly coupled to 
the surface. 
Molecularly adsorbed oxygen plays no role in the epoxidation reaction. 
The combustion of higher olefins such as propene competes effectively 
with epoxidation due to formation of alkoxide intermediates, Figure 2-11, 
not allylic intermediates, because of the presence of y-H's accessible to 
oxyradical in next-nearest neighbour surface site. For ethylene this route is 
much less favourable, and epoxidation selectivity is correspondingly 
higher. 
Roberts et al. [95] studied the oxidation of propene by atomically adsorbed oxygen 
on Ag (110) over a wide range of oxygen adatorn coverages between 0,05 and 0.5 
monolayers. They found that over the entire range of coverage combustion occurs 
easily, the only products observed are C02 and H20, and all absorbed oxygen is 
found to react readily. 
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Figure 2-11: Pathway for the oxidation of propene over silver catalyst [94]. 
Contrary to what was proposed by Carter and Goddard [94], Roberts et al. [95] 
asserted that the dominant rate-limiting step and dominant mechanism for olefin 
combustion over silver is the activation of a C-H bond by atomically chemisorbed 
oxygen (0(,, )). It is well established [91,96] that clean Ag surfaces without 
chemisorbed oxygen are completely unreactive towards C-H bond activation. This 
fact establishes either that (i) chemisorbed oxygen atoms themselves react with C-H 
bond in the rate-limiting step, or (ii) chemisorbed oxygen atoms perturb the 
electronic structure of silver to such an extent that silver becomes reactive for C-H 
bond activation. The latter possibility may be excluded since the hydrogen released 
to the surface from the C-H bond activation inevitably evolves into the gas phase as 
water, even if C-H scission occurs well above the characteristic desorption 
temperature of di-hydrogen. Roberts, et al used isotopic techniques to react either 
CH2=CHCD3 or CD2=CDCD3 with absorbed oxygen on Ag (110). They found no 
reaction took place. This eliminates the possibility that oxygen attack on the double 
bond initiates the combustion, which was suggested by Carter and Goddard [94]. 
Geenen, et al. [97] performed kinetic and mechanistic studies of the oxidation of 
ethylene and propene on Ag and Ag-Au alloy catalysts. They concluded that the 
comparatively low selectivity to propene oxide is due mainly to the very slow 
formation of the epoxide and not to the consecutive oxidation to water and carbon 
dioxide. They observed during an oxidation experiments with N20 on Ag, that 
propene forms a thick "hydrocarbon" layer on the catalyst. This deposited 
hydrocarbon is then oxidised to carbon dioxide and water. With ethylene under 
identical conditions no contaminants are detected on the catalyst surface. On Ag-Au 
alloys that are rich in gold, propene was found to oxidise to acrolein and its 
selectivity increased with increasing gold content. With Ag-Au alloys no propene Z-) : -) 
oxide was formed. 
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Cant and Hall [981 studied the heterogeneous oxidation of ethylene and propene over 
several gold catalysts including, Au sponge, Au/Si02, and Au/(x-A1203 . Total 
oxidation of both olefins invariably produced H20 andC02; CO was not detected. 
None of the catalysts used was very selective in the oxidation of ethylene. However, 
Au sponge and Au/Si02produced relatively large amounts of acrolein from propene. 
The selectivities for acrolein that were reported reached 50%. However it is worth 
mentioning that these experiments were run under an excess of oxygen. Propene to 
oxygen ratio was about 0.3. 
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3. Experimental Section 
There were two primary objectives for the experimental work in this research study: 
I-Testing solid electrolyte material employed in an electrochemical cell for the ionic 
efficiency and stability at different applied voltage. 
2-Catalytic and electrocatalytic measurements of hydrocarbon partial oxidation 
reactions, utilising propene oxidation as a model. 
A different experimental set-up apparatus was needed to accomplish each of these 
objectives. 
3.1 Experimental Apparatus for Measuring the Ionic Efficiency and 
Stability of the Electrochemical Cell 
An electrochemical cell was set up using tubes of Calcia Stabilised Zirconia (CaSZ) 
to investigate the efficiency of that solid electrolyte material in conducting oxygen 
ions through pumping which is induced by applying a voltage across the solid 
electrolyte wall at an elevated temperature. 
A schematic diagram of the experimental rig is shown in Figure 3-1. The cell was of 
the form Air, Ag H CaSZ HAg, Carrier Gas (N2or He). 
The carrier gas (He or N2) had a constant pressure, which was set by a back pressure 
regulator (BPR-1). This pressure was applied upstream of the two upstream capillary 
chokes. The carrier gas flowed through both capillary chokes, which were 150-cm 
lengths of 0.25-mm i. d. stainless steel tubing. One stream passed through the 
measurement side and the other through the reference side. The difference in pressure 
between the two sides was measured in the down stream measuring capillaries by a 
Differential Pressure Transducer (DPT), FCO 40 type, supplied by Furness Controls 
Ltd. Before discharging to atmosphere, the combined stream from the outlet of the 
down stream measuring capillaries was passed through a back pressure regulator 
(BPR-2) which was set slightly above the atmospheric pressure in order to minimise 
the noise in the differential pressure transducer. 
During the calibration procedure, air was passed through the 3-way valve then to the 
bubble flow meter, where the perturbation flow rate was measured. Then the 3-way 
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valve was switched to allow air to join the carrier in the measuring side. The increased 
flow through the capillary resulted in a pressure rise, which was measured by the 
response of the DPT and recorded by the chart recorder. The DPT was calibrated for 
both types of carrier gas that were used in this work. 
For oxygen ion-pumping experiments, air was allowed to flow inside the CaSZ cell 
and the carrier gas flowed outside the cell in the annular space between the cell and 
the stainless steel tubing 
The voltage was applied using a Thurlby 30 V-IA power supply provided by RS 
Components Ltd (UK). The cell was mounted inside stainless steel tubing, Figure 3-2, 
using graphite ferrules and was heated inside a furnace supplied by Severn Science 
Ltd. (UK). The furnace temperature was controlled using an Eurothenn 94 PID 
Furnace Controller. 
All gases that were used were supplied by BOC, and their specifications are listed in 
Table 3-1. 
Table 3-1: Specifications for gases that were used 
Gas Air He N2 
Purity % 99.995 99.998 
Density, kg/m 3 1.29 0.17 1.18 
Viscosity [I] at 20'C 
* 10-6 NS/M2 
19.58461 17.54332 
3.2 Preparation of the Solid Electrolyte Cell 
The solid electrolyte cell employed consisted of a 15% CaSZ tube (6mm o. d., 280mm. 
long, Imm wall thickness). These tubes are readily manufactured and sold in the 
commercial market. The inner electrode of the cell was created using silver ink, 
supplied by Hans Wollring GmbH, Germany, which was drawn up the inside wall of 
the tube using a pipette filler, and then allowed to drain. The outer electrode was 
created by an ordinary brush painting of the same silver ink on top of the exterior of 
the CaSZ tube. 3 Ag rings were painted on the outside wall of the tube at the places of 
contact with the graphite ferrules to provide electrical contact with the outer stainless 
steel tubing as shown in Figure 3-3. Ring (1) was meant to provide electrical 
conduction to the inner side of the cell, while rings (2) and (3) where needed for Zý 
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electrical conduction to the outer side of the cell. The cell was allowed to dry for 30 
min. at 500C, and then calcined at 6000C for 2 hours. 
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Figure 3-1: Schematic flow diagram of the experimental apparatus for the ionic efficiency and 
stability of the electrochemical cell. 
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4 
Figure 3-2: Schematic diagram of the oxygen ion pumping unit. 
Ring (3) Ag Paint Ring (2) Ring (1) 
Figure 3-3: Arrangement of the external surface of the solid electrolyte tube that was used. 
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3.3 Calibration procedure 
It is important to know the amount of oxygen that was supplied by transport through 
the solid electrolyte so that the ionic efficiency of the electrochemical cell could be 
measured. For the calibration experiments the carrier gas flow was perturbed by 
injection of a known airflow into the carrier gas and the effect was observed by the 
response of the DPT, which was recorded by the chart recorder. There are several 
parameters, which had to be taken into consideration for calibration of the 
electrochemical supply of oxygen to the reaction space: 
1) Type and flowrate of the carrier gas. 
2) Effect of the type of the perturbation gas. 
3) Effect of the operating temperature 
To elucidate the effect of the type of the carrier gas several experiments were carried 
out using either He or N2as carrier gases. 
When the carrier gas flow was modified by introducing a small volume of air to 
perturb the flow, the behaviour of the DPT was recorded by the chart recorder and 
was typically similar to the idealised sketch in Figure 3-4. At the beginning, before 
switching on the 3-way valve (Figure 3- 1) and allowing the air perturbation to join the 
carrier gas, the pressure that was sensed by the DPT was the original pressure (P, ) of 
the pure carrier gas stream. At time (0), the three-way valve was switched on to allow 
a measured amount of air perturbation to join the carrier gas stream. 
P2 
Pl 
(I. 
a-4 
PO 
Time 
Figure3-4: Simple sketch showing the responses of the DPT when the carrier and perturbation 
streams consisted of two different gases 
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This small air perturbation caused an increase in the flowrate of the carrier gas stream. 
The DPT responded immediately to this change in the flowrate and the pressure 
recorded increased instantaneously to (PI). After the addition of the small perturbation 
of air to the carrier gas, the composition of the resulting gas mixture changed and as a 
consequence the viscosity changed. When the composition front reached the 
measuring capillary, the DPT sensed a different pressure due to the change in 
viscosity, so that the response of the DPT moved to a higher plateau (P2) in Figure 3- 
4. When the perturbation was removed at time (1) by switching the 3-way valve off, 
the effect of the increase in flowrate was instantaneously removed and the response of 
the DPT was also instantaneously dropped by equal amount of that caused by the 
increase in flowrate. When the composition front of pure carrier gas reached the 
measuring capillary, the DPT sensed the change in pressure, due to viscosity change, 
which decreased gradually until it reached (P, ) which is the original position of the 
pure carrier gas. The actual behaviour of the DPT for air perturbation in a He carrier 
gas is shown in Figure 3-5. 
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I ----- - _____ Figure 3-5: Typical DPT response for air perturbation using He as the carrier gas 
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To verify the behaviour of the DPT for mixing two different gases, an experiment was 
carried out where the carrier and the perturbation streams consisted of the same gas. A 
small measured perturbation of He was introduced into the He carrier gas stream. The 
change in pressure resulted from the change in the flowrate sensed immediately by the 
DPT. Since the perturbation and the carrier streams consisted of the same gas, the 
composition did not change nor did the viscosity, therefore there was no further 
increase in pressure. When the perturbation was removed the DPT response returned 
to its original position. 
In the case where nitrogen was used as the carrier gas and air as the perturbation gas, 
the DPT response was similar to that when the perturbation and the carrier streams 
consisted of the same gas. There was no viscosity effect detected by the DPT because 
the variation in the composition was very small since air consists mainly of nitrogen. 
The effect of the flowrate of the carrier gas also has been investigated and as shown 
for He in Figure 3-6 and for N2 in Figure 3-7, it appears that the flowrate of the carrier 
gas has no effect on the calibration. 
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Figure 3-6: Effect of carrier flowrate on the DPT response for air perturbations, carrier is He 
Temp. 200C. 
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Figure 3-7: Effect of carrier flowrate on the DPT response for air perturbations. Carrier gas: N2, 
Temp.: 20'C 
Calibration of the DPT response for air perturbations has been performed for both He 
and N2 as carrier gases at room temperature and at 489 and 500'C for He and N2. 
respectively. As shown in Figures 3-8 and 3-9, the response of DPT does not depend 
on the temperature of the furnace. 
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Figure 3-8: Effect of temperature on the DPT response for air perturbations in He carrier gas. 
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Figure 3-9: Effect of temperature on the DPT response for air perturbations in N2 carrier gas. 
3.4 Oxygen ion Pumping Experiments 
To investigate the behaviour of the electrochemical cell, extensive pumping 
experiments at a range of applied voltages were required. 
As was detailed in the previous section on the calibration procedure, different 
behaviours were noticed for calibrations when using He and N2 as carrier gases, as 
perturbation of air in He carrier gas showed a viscosity effect, while air perturbation 
in N2didn't show a similar effect of viscosity change. So it was necessary to compare 
these with the behaviour when oxygen is pumped through the solid electrolyte. 
3.4.1 Experimental Conditions 
The conditions of the pumping experiments are shown in Table 3-2. 
Table 3-2: Experimental conditions for pumping experiments. 
Carrier Gas He N, 
Temp. 'C 500 500 
Air Flow Rate, 
ml/min 
20 20 
Voltage Applied, 
V 
1-16 1-12 
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3.4.2 Oxygen "Pumping" Experiments for He as the Carrier Gas 
In the case of He as the carrier gas, the response of the differential pressure transducer 
for oxygen transport via voltage application is shown in Figure 3-10 and was similar 
to that of an air perturbation described in section 3.3 
Three new cells were used to test oxygen ion pumping. Each cell was tested using a 
different range of applied voltages. Table 3-3 presents the applied voltages with their 
corresponding measured currents. 
I CD 
C> 
Figure3-10: Typical DPT response for oxygen pumping experiments using He as carrier gas. 
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Table 3-3: Applied voltage and the corresponding generated current for He carrier gas, Temp: 
500'C. 
Applied 
voltage, V 
Measured current, 
mA 
Cell no. (1) (2) (3) 
1.0 6.5 6.5 6.5 
2.0 13 13 13 
3.0 - 19.5 17 
4.0 25 25.5 23 
5.0 - - 29 
6.0 35 39 35 
7.0 - - 41 
8.0 49 54 49 
9.0 - - 55 
10.0 63 74 61 
11.0 - - 68 
12.0 82 76 
13.0 - 83 
14.0 137 89 
16.0 221 - 
3.4.3 Oxygen Ion "Pumping" Experiments with N2as Carrier Gas 
For N2as a carrier gas, two sets of experiments were carried out using two new cells. 
The response recorded by the differential pressure transducer for oxygen transport 
through the solid electrolyte was different from that recorded for the air perturbation 
in nitrogen. In the case of voltage application, only oxygen was transported through 
the solid electrolyte. Therefore the composition change was larger than that in the 
case of an air perturbation and this was detected by the DPT. As a result the viscosity 
effect was now present in the response of the differential pressure transducer. The 
range of the applied voltage and the corresponding measured current is presented in 
Table 3-4 for both cells that were used. 
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Table 3-4: Applied voltage and corresponding measured current for N2 carrier gas Temp. is 
500'C 
Applied Voltage, 
V 
Cell (4). Measured 
current, mA 
Cell (5) Measured 
current, mA 
1.0 6.5 6.0 
2.0 12.0 11.0 
3.0 - 16.5 
4.0 24.0 21.5 
5.0 - 27.0 
6.0 36.0 32.5 
7.0 - 37.0 
8.0 49.0 43.0 
9.0 - 50.0 
10.0 61.0 61.0 
11.0 - 78.0 
12.0 74.0 132.0 
3.5 Reactor Modifications 
During the course of the experimental work, it was noticed that the solid electrolyte 
cell broke after 2 or 3 heating cycles. It was found that the electrochemical cell started 
to leak at the connections between the stainless steel tubing and the solid electrolyte 
tube after a few heating cycles, which cause inconvenience and interruptions in the 
work. It was realised that there is a difference between the Coefficient of Thermal 
Expansion (CTE) of the stainless steel and the solid electrolyte as shown in Table 3-5. 
It was suggested replacing the stainless steel tubing by a material that has a 
comparable or lower CTE might reduce leakage problems. The material selected was 
quartz because its CTE is lower than that of the solid electrolyte material as shown in 
Table 3-5. This makes the electrochemical cell to be under compression rather than 
tension during heating, which reduces the chance of breakage. 
To minimise leakage occurrence, it was also suggested that, instead of putting the 
whole cell including the fittings inside the furnace, to design a new furnace where 
heating is provided only for that part of the cell where oxygen transport occurs and 
keeping the fittings away from the heating zone. 
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Figure 3-11: Modified reactor furnace 
To make the new furnace, a nichrome wire was wound on the outside surface of a 
12.7 mm. o. d. and 20 cm long quartz tube and cemented (Figure 3-11). The ceramic 
tube was put inside the quartz tube. AI cm gap was allowed between the fittings of 
the ceramic and quartz tubes and the nichrome wire in order to distance the fittings 
from heating. The part of the quartz tube that was covered by the nichrome wire was 
properly insulated using glass wool and a 50 mm iron tube. The nichrome wire then 
was connected to a temperature controller and a power supply. The temperature was 
monitored using a k-type thermocouple. 
Table 3-5: Coefficient of thermal expansion for the materials that were used. 
Material Temp. Range 
oc 
CTEx 10-6 
cm/cm/'C 
St. Steel, type 304[21 20-100 17.3 
Quartz [3] 20-1000 0.55 
Zircoma [4] 20-2000 7.0-9.0 
The results for five consecutive measurements are presented in Figure 3-12. As is 
clear from the graph the temperature was not stable. There was an average 8'C 
difference for each point measured probably due to the small thermal mass of the 
furnace. In addition to that the length over which the temperature difference was 
acceptable was short (about 3.0 cm). Due to that and in order to keep the oven 
temperature constant, it was suggested that putting the whole reactor in a gas 
chromatograph furnace would give much better temperature control. It was found that 
it is possible to control the temperature to +/- YC using the gas chromatograph oven. 
This arrangement was adopted for the reaction experiments, which are going to be 
discussed in the following section. 
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Figure 3-12: Temperature profile through out the furnace length. Temperature set point is 
500'C. The two marks indicate the length that is being utilised. 
3.6 Experimental Set-Up for the Catalytic and Electrocatalytic 
Measurements 
A schematic diagram and a photograph of the apparatus are given in Figures 3-13 and 
3-14 respectively. The apparatus consisted basically of the flow system, the reactor 
cell, and the analytical system. Both the catalytic and electrocatalytic measurements 
were performed in the same reactor configuration with the difference being that in the 
catalytic measurements oxygen was provided as a gas mixed with propene and argon, 
while in the electrocatalytic measurements oxygen is provided through electric current 
as oxygen ions. 
Reactants and diluent were British Gas certified standards of propene, oxygen, zero 
grade air and argon. The flow system primarily consisted of the gas cylinders and 
regulators, the rotameters, and the bubble meters. The gaseous mixture flowed to the 
reactor (which could be bypassed via a 3- way valve to analyse inlet concentrations) 
and then to the analytical system. 
A bubble flow meter was placed at the exhaust of the analytical system to accurately 
measure the total flow rates. Total gas pressure inside the reactor was slightly above b 
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atmospheric and was considered as atmospheric for calculation purposes. The effluent 
(or the inlet) of the reactor flowed to the analytical system via a 3-way valve where it 
could be switched between the gas chromatograph and the mass spectrometer. 
a 
U 
0 
-- -1 WE 
Figure 3-14: A photograph of the experimental apparatus for catalytic and electrocatalytic 
measurements 
The whole section between the first 3-way valve (which was upstream of the reactor 
furnace) and the analytical system was heated (120-160 OC) and insulated to prevent 
condensation of hydrocarbon products which would have resulted in distorting the 
measurements, and might have caused damage to the fused silica column in the Gas 
Chromatograph. The reactor cell was placed in a gas chromatograph furnace, where 
the temperature was controlled to +/-3. OOC by a self-tuning PfD temperature controller 
(Eurotherm). 
3.6.1. Catalytic Measurements 
A simplified sketch for the reactor cell is shown in Figure 3-15. Gaseous oxygen was 
provided with the reactant (propene) and the diluent (argon). 
The anodic electrode served in this case as a catalyst. The flowrate of oxygen was 
dictated by the oxygen provision that could be obtained via electric current in the 
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electrocatalytic measurements (section 3.6.2) in order to make comparisons between 
catalytic and electrocatalytic results. 
CAý 02, Ar + CAi 02, Ar 
products 
Quartz Tub( 
- Electrode 
Cathodic Electrode 
pp, 
Tube Wall 
Figure 3-15: A simplified sketch of the reactor cell for the catalytic measurements. 
3.6.2 Electrocatalytic Measurements 
A simplified sketch of the reactor arrangement for the electrochemical measurements 
is shown in Figure 3-16. In these measurements the oxygen species were provided to 
the reaction medium via electric potential application while air was passing inside the 
CaSZ tube at a constant flow of 20 cc/min. The voltage application ranged between 
0.5-15 volts, which produced an electric current in the range of 3- 90 mA. The 
flowrate of propene was kept constant at 10 cc/min and that of argon was about 22 
cc/min. In this case the anodic electrode played a role (in addition to its role as a 
catalyst)in the ionic conduction of oxygen species induced by the electric potential 
application by contributing to the creation of the three phase boundry. 
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Figure 3-16: A simplified sketch of the reactor cell for the elect rocatalytic measurements. 
A photograph of the reaction cell that was used in both catalytic and electrocatalytic 
measurements is shown in Figure 3-17. 
Figure 3-17: A photograph of the reaction cell employed in catalytic and elect rocatal ytic 
measurements 
C3146, Ar 
+ products 
C3116, Ar 
t 
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3.6.3 Preparation of a Mixed Oxide Catalyst 
Since Bismuth Molybdate mixed oxide is a well known selective catalyst for the 
partial oxidation of propene towards acrolein, it was employed in this research 
project. 1.0 gm of 99% y-Bi2MOO6 Purchased from Johnson Matthey GmbH was 
mixed with 2.0 ml of butyl acetate and painted on top of the anodic electrode of the 
solid electrolyte cell as shown in Figure 3-18. Then it was left to dry at 50'C, after 
that it was calcined in air for 2 hours at 600'C. Both catalytic and electrocatalytic 
reactions were carried out. 
CAý 02, Ar + CA, 0,, Ar 
products 
t 
Mixed oxide Catalyst 
Quartz Tubi 
- Electrode 
Cathodic Electrode 
Tube Wall 
Figure3-18: A simplified sketch of the reactor cell for the catalytic measurements showing the 
mixed oxide catalyst on top of the anodic electrode. 
3.7 Analysis 
Gas analysis in this project was performed in 3 separate stages. The first stage 
utilised: 
I-A PYE Unicam Series 304 chromatograph equipped with a 25m long, 0.25mm 
inside diameter fused silica tube with film thickness 1.2gm and a FID detector. This 
G. C. was not connected on line with the reaction system. Gas samples were taken 
manually via a 1.0 ml gas tight syringe. This G. C. was used to analyse the 
hydrocarbons. 
2- A quadruple mass spectrometer, which was connected on line with the reaction 
system to analyse the permanent gases. 
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In the second stage the Unicam gas chromatograph was replaced by an hp 5880A gas 
chromatograph, which was connected in line to the reaction system and was equipped 
with a FID only. And in the third stage a TCD was installed in the hp 5880A. 
The liquid products, i. e. acrolein and 1,5-hexadiene were calibrated using a dilute 
solutions of acrolein ( min 90% purchased from SIGMA) andl, 5-hexadiene(min 97% 
purchased from SIGMA) in butyl alcohol (min 99% purchased from SIGMA). The M. 
Spect. and the TDC were calibrated for C02 using gas mixtures of Ar and C02 with 
different compositions. CO might have been produced in very small amounts since it 
was not detectable by the Mass Spectrometer. All calibration graphs are presented in 
Appendix A-5. Gas analysis that was performed in the PYE Unicam gas 
chromatograph. was performed under the following conditions presented in Table 3-6. 
Table 3-6: Settings for the PYE Unicam gas chromatograph 
oven initial temperature, 'C 35 
oven final temperature, OC 160 
Ramp rate, 'C/min 5 
Detector temperature, OC 220 
injector temperature, "C 180 
Carrier pressure, psi 16 
Air pressure, psi 10 
H2 pressure, psi 9 
3.7.1 Configuration of the hp 5880A Gas Chromatograph 
As shown in Figure 3-13, the hp 5880A was connected in line to the reaction section. 
The flow was switched between the TCD and the FID via a 3-way valve. Upon 
switching the flow to the TCD, it passed through a 10-port valve. When the 10 port 
valve was in the "off' position, the carrier gas passed through the analysis column, as 
shown in Figure 3-19 a, and then flowed back again via the 10-port valve to the TCD. 
The outlet of the reaction system flowed through the sampling loop. When the 10-port 
valve is switched to the "on" position, the carrier gas was diverted to pass through the 
sampling loop (Figure 3-19b), which was filled by the sample from the "off"position, 
sweeping the sample with it to the analysis column and then to the TCD. The 
sampling loop had a volume of 1.3 1 cc. 
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a- "Off" Position 
Carfier In 
III 
b- "On" Position: 
Carrier In 
III 
Figure 3-19: Switch positions of the 10-port valve 
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When the flow was diverted towards the FID, it passed through a 6-port valve. When 
the 6-port valve was in the "Off' position, Figure 3-20 a, the carrier passed directly to 
the analysis column. The effluent of the reaction section flowed in the sampling loop 
filling it continuously. Upon switching the 6-port valve to the "on" position, the 
carrier was diverted towards the sampling loop carrying the sample with it to the 
analysis column and hence to the FID. 
a- "Off" Position: 
Carrier In 
To FID 
b- "On" Position: 
Carrier In 
To FID 
Figure 3-20: Switch positions of the 6-port valve 
The sampling loop had a volume of 0.215cc-Oxygen free helium (CP-grade) was used in 
as the carrier cras. Helium was preferred because of its hi4i; h thermal conductivity [5] tn 
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(1.499 mWcm-'K-1) compared to other carriers (e. g. nitrogen 0.252 mWcm-'K- I ). To 
make sure that oxygen was prevented from entering the gas chromatograph columns 
with the helium gas stream, an Oxy-Trap (from Alltech) was fitted immediately 
before the inlet to the G. C. and after two silica gel purifiers connected in series. The 
fuel gas mixture for the FID consisted of zero grade air and hydrogen, which was 
generated in the laboratory using a hydrogen generator (from GE). The hydrocarbons 
were analysed using a fused silica capillary column, DB-I, 60mxO. 323mm, film 
thickness 5gm (purchased from J&M connected to the FID. Carbon dioxide was 
analysed using a stainless steel column, Porapak QS, 12'xl/8", mesh range 80-100, 
connected to the TCD. All operations of the hp-5880A (including switching the 10 
and 6-port valves) were performed using an integrator connected on line to the G. C. 
Operating conditions of the hp-5880A are shown in Table 3-7. 
Table 3-7: Gas chromatograph settings for the hp-5880A. 
Variable FID TCD 
Oven temperature, OC 35-45 105 (isothermal) 
Ramp rate, OC/min 20 - 
Final temperature, OC 160 - 
Carrier flowrate, cc/min 1.93 26 
Air pressure, psi 36 - 
H2 pressure, psi 22 
3.7.2 Mass Spectrometer 
A 70 eV quadruple mass spectrometer was used to carry out the analysis of the 
permanent gases speciallyC02 and to discover whether there was any other side 
products. The set up for the Mass Spectrometer is shown in Figure 3-21. It consisted 
of a higher range vacuum pump and a lower range vacuum pump. The vacuum is set 
via two leak valves, the small vacuum was set at 0.3 mbar, and the high vacuum was 
set at 2. Ox 10-6 mbar. Data acquisition was performed using a PC 486 equipped with 
200D Quasar software (Spectralab). 
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Figure 3-21: Set uP for the Mass Spectrometer. 
3.8 Product Selectivity and Oxygen Consumption Calculations 
The definition of selectivity that was implemented in this work [6] is that: the ratio of 
the molar amount of a given reactant that was converted to a specific product to the 
total moles of that reactant consumed. This definition was used because it is the one 
that has been used by other authors [7] whose work is compared to the data of this 
work. 
In this work there were three products detected. The stoichiometric equations for them 
are: 
I. Partial oxidation to acrolein C3H6 + 02 <-4 C3H40+ H20 (3-1) 
2. Dimerisation to 1,5-hexadiene 2C3H6 + 102 <-4 C6HO+H20 (3-2) 2 
3. Total combustion C3H6+ -102 <--> 3CO2+ 3H20 (3-3) 2 
The selectivity is obtained from the following equation: 
SAcr %- 
rAcr 
-x 100 (3-4) r +2r, + -1 Acr ex 3 rC02 
Where: 
SAcr %: Percent selectivity of acrolein 
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rAcr : Acrolein formation rate, mol/min 
rH,,, : 1,5-Hexadiene formation rate, mol/min. 
rco, : Carbon dioxide formation rate, mol/min. 
The selectivities for the other two products are calculated in the same manner. 
Oxygen conversion for propene oxidation was calculated from the amount of the three 
products detected using equations 3-1,3-2, and 3-3 as follows: 
r+I+3 
C 
02 %= 
Acr 2 rHex 2 
rC02 
X100 (3-5) 
N 02 
Where: 
C 
02 %: Percent conversion of oxygen provided. 
N 02 : Oxygen provision rate, mol/min. 
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4. Stability of The Electrochemical Cell and Viscosity 
Measurements 
The purpose of this chapter is to describe a novel apparatus for controlled in situ 
addition of oxygen to other gases, such as helium and nitrogen. Another target is to 
discuss the results of testing a solid electrolyte cell consisting of silver electrodes and 
Calcia Stabilised Zirconia (Ca SZ), (Air, AgHCaSZ//Ag, Carrier Gas (He, or NA, for 
the ionic efficiency and stability for oxygen ion transport induced by electric voltage 
application through the solid electrolyte, which is going to be employed (if proved to 
be reasonably efficient and stable) to carry out controlled oxidation reactions which is 
the ultimate aim of this study. The use of this technique in determination of the 
viscosity of dilute mixtures of oxygen in helium and oxygen in nitrogen is also 
presented in this chapter. 
4.1 The Ionic Efficiency of the Electrochemical Cell 
The controlled transport of oxygen ions across an electrochemical cell of the form 
Air, Ag//CaSZ//Ag, Carrier Gas was varied by applying a range of voltages between 
the reference and the working (catalyst) electrodes of the cell. The efficiency of the 
electrochemical cell for the transfer of oxygen ions was measured by comparing the 
value of current measured by the power supply and the value of the current calculated 
from the moles of oxygen transported. The amount of oxygen transported was 
determined from the Differential Pressure Transducer (DPT) response, which was 
recorded by a chart recorder. The amount of oxygen transported is precisely 
quantified using calibration procedures described in detail in chapter 3. The current 
was then calculated using Faraday's law as follows: 
I= 4FNO, (4-1) 
Where: 
I: The measured current, 
F: Faraday's constant, 96,494 C/mol. 
N: Amount of 0-) supplied via potential application (mole/sec) 
An experiment was carried out by applying a known electrical potential across the 
electrochemical cell. A current, I. passed through the electrolyte and was displayed by 
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the power supply, which was configured as a potentiostat. Using the DPT responses 
with the help of the calibration curves (see the experimental section) the amount of 
oxygen that was supplied (No 2) could 
be obtained. From equation (4.1), the 
corresponding current could be calculated. This value of current was compared with 
that displayed by the potentiostat. 
The ionic efficiency of the electrochemical cell could be obtained from the following 
relation: 
Ionic Efficiency = 
Ionic Current 
(4.2) 
Ionic Current + Electronic Current 
Or in other words, the reported cell efficiencies are based on calculated ionic current 
divided by measured total current. 
Five electrochemical cells were used to perform the electrochemical pumping 
experiments for He and N2 as carrier gases at almost identical operating conditions, 
Table 4.1, (except for cell (1), where the flowrate of the carrier gas was higher). 
Table 4-1: Operating conditions for oxygen ion pumping experiments. 
Cell 
no. 
Carrier 
Gas 
Carrier Flowrate 
ml/min 
Air Flowrate 
mi/min 
Temp. 
Oc 
(1) He 21.43 20 500 
(2) He 9.0 20 500 
(3) He 8.9 20 500 
(4) N2 9.7 20 500 
(5) N2 9.93 20 500 
The results from oxygen ion pumping experiments are presented in Tables 4-2 and 4- 
3, and Figures 4-1 and 4-2 for He and Figure 4-3 for N2carrier gas. 
In order to verify that the electrolyte used (CaSZ) was 100 % ionic conducting at 
500'C (the operating temperature), the ionic current that corresponds to the molar 
flow produced via the 'pumping' of oxygen was accurately measured. Using the 
capillary as a molar flow meter, the comparison between the measured current and the 
calculated ionic current is shown in Figure 4-1 for cells (1), (2), and (3) for He carrier 
gas. It is evident that there is agreement between the applied measured current and the 
calculated ionic current, which is calculated from the molar oxygen flow rate in the 
range from 6.5 mA to about 90 mA) for all the three cells. 
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Table 4.2: Experimental data for pumping experiments using He as the carrier gas 
Applied 
voltage, 
V 
Measured current, 
MA 
Computed current, 
mA. 
Efficiency 
% 
Cell (1) (2) (3) (1) (2) (3) (1) (2) (3) 
1.0 6.5 6.5 6.5 7.2 6.61 4.67 110.8 101.7 71.8 
2.0 13 13 13 12.04 14.05 11.386 92.6 108.1 87.6 
3.0 - 19.5 17 - 19.46 14.583 - 99.8 85.8 
4.0 25 25.5 23 24.6 25.31 21.467 98.4 99.3 93.3 
5.0 - - 29 - - 26.504 - - 91.4 
6.0 35 39 35 33.44 35.91 32.383 95.54 92.1 92.5 
7.0 - - 41 - - 40.952 - - 99.9 
8.0 49 54 49 47.36 49.42 45.153 96.7 91.5 92.1 
9.0 - - 55 - - 51.869 - - 94.3 
10.0 63 74 61 59.13 60.46 59.093 93.9 81.7 96.9 
11.0 - - 68 - - 64.973 - - 95.5 
12.0 82 - 76 71.7 - 72.866 87.4 - 95.9 
13.0 - - 83 - 79.923 - - 96.3 
14.0 137 - 89 89.96 - 87.147 65.7 - 97.9 
16.0 221 - - 114.5 51.8 
In these experiment a fixed voltage was applied, and the resulting current was 
measured. The ionic efficiency (transference number of 0 2- ) is given by the gradient 
of the line passing through the measured values. The calculated slope in the case of 
the helium carrier is 0.97 which suggests an ionic efficiency of the electrolyte of 97 
%. Since the slope does not change with increasing current in that range, it follows 
that the ionic conductivity is not affected by the current density in the range from 6.5 
mA up to 90 mA. Higher values of applied current were used on cell (1). Degradation 
(reduction of the electrolyte) of the cell was only observed at higher current densities, 
as is shown for cell (1). It should be stressed that the degradation of the cell is related 
to the reduction of the solid electrolyte itself, and is not related to the electrodes. 
79 
120 
100 
E 
. 4. - 
C: 
E 
80 
60 
40 
20 
0 
0 
*Cell (1) 
a& 0 Cell (2) 
A Cell (3) 
0 50 100 150 200 
Measured current, mA 
Figure 4-1: Ionic current versus total applied current for oxygen ion pumping experiments using 
He as the carrier gas. 
The cell resistance can be seen in Figure 4-2 where the current measured at different 
applied cell potentials is shown, it can be seen that the current varies linearly with 
voltage up to an applied potential of about 10 volts. At higher voltages cell (1) can be 
seen to be no longer behaving as a fixed resistance and the cell is degrading as the 
electrolyte is reduced. As the current-voltage behaviour of each cell is similar, this 
would suggest that the electrolyte of each cell was fairly consistent as an oxygen ion 
conductor. 
Similar measurements were carried out using nitrogen as carrier gas. Figure 4-3 
shows the results for cells (4) and (5). In this case it was found that the ionic 
efficiency was 100 % for cell (4) over the whole range of voltage used (1-12 V), 
which corresponds to measured current from 0-74 mA, while for cell (5) the 
efficiency was 100% up to 9V applied voltage, which corresponds to measured 
current from 0 to 50mA, after that the cell started to degrade and lose its ionic 
efficiency. These results show that binary gas mixtures with very low oxygen partial 
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pressure can be readily and accurately produced by this method whilst the cell is 
operating in the ionic conduction regime. 
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Figure 4-2: Measured current versus the applied cell potential for oxygen ion pumping 
experiments using He as the carrier gas. 
Table 4.3: Experimental results for oxygen ion pumping experiments using N2 as the carrier gas. 
applied 
voltage V 
measured 
current , mA 
computed 
current mA 
efficiency 
% 
Cell (4) (5) (4) (5) (4) (5) 
1.0 6.5 6.0 6.51 5.298 100.2 88.3 
2.0 12.0 11.0 12.441 10.86 103.7 98.73 
3.0 - 16.5 - 16.61 - 100.7 
4.0 24.0 21.5 22.824 22.54 95.1 104.8 
5.0 - 27.0 - 28.28 - 104.7 
6.0 36.0 32.5 34.937 31.87 97.1 98.1 
7.0 - 37.0 - 36.9 - 99.7 
8.0 49.0 43.0 49.019 42.82 100 99.6 
9.0 - 50.0 - 48.39 - 96.8 
10.0 61.0 61.0 62.367 51.98 102.2 85.2 
11.0 - 78.0 - 61.86 - 79.3 
12.0 74.0 132. 74.725 72.63 100.1 55.0 
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Figure 4-3: Ionic current versus total applied current for oxygen ion pumping experiments using 
N2 as the carrier gas. 
The ionic efficiency of the 5 electrochemical cells that were used is presented in 
Figure 4-4 for each value of the applied voltages. As is shown by the graph, the 
efficiency of the cells is not reproducible at very low voltages (1-2 Volts) and at high 
applied voltages (> 10 Volts), while it is relatively reproducible in the middle range 
(3-9 Volts). To explain this, one has to review the procedure of measurement. At low 
applied voltage, unavoidable experimental errors may have contributed to the 
variations in the results, where the DPT response that is recorded by the chart recorder 
is small and the effect of the experimental error is magnified (up to 20%). 
82 
120 
100 
80 
60 
2 40 
20 
0 
&A0 
0 
0 
40 He Cell (1) 
0 He Cell (2) 
A He Cell (3) 
N2 Cell (4) 
N2 Cell (5) 
T-- 
10 15 
Applied voltage. V 
Figure 4-4: Ionic efficiency of the electroche"cal cells. 
There are many parameters that have the potential for the experimental error, among 
them: 
I- Measurement of the flowrates for calibration: 
A bubble flowmeter was used, although the reading was repeated three 
times and averaged; the potential of error is still there. 
2 measurement of the output current by the power supply: 
The power supply reads the current in a whole numbers without fractions. 
At low applied voltages, the measured current is small so the fractions 
contribution to the error is large. The error in the current reading is in the 
range of +1-0.5 mA. 
3 Reading the DPT response from the chart recorder for calibration. 
4 Reading the DPT response from the chart recorder for pumping experiments. 
Above 10 volts applied voltage, it is clear that the cell efficiency started to decrease 
for cells (1), (2) and (5) which suggest that the ionic conductivity of the cell is 
decreasing and it started to develop electronic conductivity. For cells (3) and (4) the 
efficiency kept at the sarne level even for the higher voltages. It appears that the 
prepurnping operations (including cell preparation), which are not the same for all the 
five cells that were used, had effects on the efficiency of the cell, especially the 
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deposition of silver electrodes on the cell walls. There is no guarantee this was 
identical on all the cells, because the method of deposition was merely a paintbrush, 
so there was no control on the thickness or uniformity of the electrode and the amount 
that was used. 
Polarisation of the electrode could have an influence on the dissociation of molecular 
oxygen, i. e. if the electrode is highly polarised, that makes the rate of transport or 
depleting of the lattice oxygen from the electrolyte is much higher than the rate of 
dissociation and reduction of oxygen at the electrode surface which might lead to a 
faster degradation of the electrolyte material. 
Before each pumping experiment, the cell had to be heated to the operating 
temperature and calibrated. The length of the heating period before pumping 
experiment was different from cell to cell, which might also have had an effect on the 
efficiency of the cell. 
4.2 Stability of the Electrochemical Cell 
It should be emphasised that, the results that are presented in section 4.1 were for cells 
that were new and no voltage had been applied to them previously. The effect of the 
duration of voltage application on the cell stability is shown in Figure 4-5 for cell (5). 
The cell was stable and its conductivity was purely ionic up to 4 Volts. At higher 
voltages the cell may have started to loose its stability and the measured current 
increased slightly with time which suggests that, the cell may have been starting to 
develop electronic conductivity. From 5 to 9 Volts at the beginning of the voltage 
application the measured current was stable and it matched the computed current 
using the DPT response. The measured current then started to increase slightly 
towards the end of the voltage application. This may be an indication of a small 
amount of electronic conductivity beginning to occur. From 10 to 12 Volts, the 
measured current at the beginning of the experiment was already higher than that 
calculated from the DPT response. Its rate of increase was higher than that of the 
lower voltage applications, which indicates an increased loss of the cell stability and 
an increase in the electronic conductivity. At 12 Volts the rate of increase in the 
measured current was much higher than that at the lower voltage applications and the 
cell was becoming more of an electronic conductor. 
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Figure 4-5: Effect of the duration of voltage application on the stability of cell (5) for ionic 
conduction. 
4.2.1 Air Treatment of the Cell 
After repeated voltage applications on the cell, it was clear that its ionic efficiency 
was decreasing. It was thought that the loss of the ionic efficiency was due to the 
reduction of the solid electrolyte material, which might have resulted from the forced 
migration of oxygen ions from the lattice of the solid electrolyte due to high and 
repeated voltage application. 
It was suggested that a treatment of the cell in air might replace the oxygen ions that 
may have been removed. Cell (5), which has been previously exposed to electrical 
voltages from I to 12 volts and showed substantial electronic conductivity, was used 
to test this proposal. Air was allowed to flow inside and outside cell (5) for 5 hours at 
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500'C, and then voltage application experiments were repeated once again for 1-4V, 
the results are presented in Figure 4-6. Obviously this treatment in air was not 
effective in restoring the original state of the cell. However, it is noticed that after this 
treatment and at the moment of voltage application, the current was at a somewhat 
lower measured value but quickly rose to very high values. For example at IV 
applied voltage, for the first application the measured current was 6mA and was 
constant for the whole period of the voltage application. After the pumping 
experiments for the whole range from IV to 12V were performed on the cell, one 
pumping experiment was repeated on the same cell for I volt. The measured current 
at the start of voltage application was 22 mA, which is very high when it is compared 
to that obtained for the first application (6 mA) when the cell was new. In less than 5 
minutes it reached 95 mA. After that, the cell was treated in air stream at 500'C for 5 
hours. Pumping experiments were repeated for the range from I to 4 V. The measured 
current for IV experiment started at 13 mA (compared to 22 mA before air 
treatment) but quickly increased, in just less than 4 minutes it was 80 mA. The same 
behaviour was noticed for 2 to 4V runs. Initially they passed a lower current, which 
then rose quickly to higher values of current as shown in Figure 4-5. Since air 
treatment of the cell for 5 hours produced small change in the cell state, the effect of 
treating the cell for longer time was investigated. The same cell was treated in air 
under the same conditions for 24 hours, Figure 4-7. From the results shown, it is 
apparent this treatment was again not successful in restoring the original state of the 
cell. The effect of air treatment for 24 hours was almost identical to that of 5 hours 
treatment. It might be appropriate to conclude from the results obtained so far that, the 
duration of air treatment has no effect on the process of restoring the original ionic 
efficiency of that cell. As a last attempt in the process of trying to recover the original 
state of the ionic efficiency of the solid electrolyte cell, the cell was baked under 
stagnant air at 600'C for 24 hours. One run for oxygen ion pumping was carried out 
for IV on the cell and the result is also shown in Figure 4-7. Apparently this last 
attempt of baking the cell was not effective in recovering the original ionic efficiency 
of the cell. However, it was noticed that the initial measured current was 22 mA, 
which was higher than that was measured after the treatment in a stream of air (13 
mA). This suggests that, the flow of air might have developed an increase in the 
partial pressure of oxygen. This increase in oxygen partial pressure might have helped 
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in forcing oxygen to penetrate slightly in the lattice of the solid electrolyte and replace 
a small portion of the oxygen on the surface of the solid electrolyte, which might have 
been removed as a result of repeated high voltage applications. If the last argument 
were correct, one would expect that allowing air stream under pressure and using pure 
oxygen instead of air might have a significant impact on the recovery of the ionic 
efficiency of the cell. 
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Figure 4-6: Effect of air treatment for 5 hours on the stability of the electrochemical cell (Open 
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Despite the fact that the cell loses its ionic efficiency due to the successive electric 
voltage applications, it appears that the actual ionic current that passes through the 
cell due to the electric voltage application is not affected by the state of the cell. 
Figure 4-8 shows the generated electric current due to the application of 13 volts on a 
BiMoHAgHCaSZ cell, which was used in the partial oxidation of propene (chapter 7). 
It appears from the graph that when the cell was stable and its efficiency was purely 
ionic which is indicated by the constant electric current that is generated, the amount 
of carbon dioxide that is produced from the reaction of propene with the "pumped" 
oxygen was relatively stable as it is indicated by the signal of the mass spectrometer. 
As soon as the cell ionic efficiency started to decrease, the generated electric current 
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started to climb because the cell started to develop some kind of electronic 
conductivity. Despite this increase in the electric current, the carbon dioxide 
production remained nearly stable, which indicates that the amount of supplied 
oxygen was stable too, until the limit of the power supply was reached which caused 
the applied voltage to decline. This decline in the applied voltage caused the decrease 
in the ionic current, which means that the supplied amount of oxygen was declining 
too and that was substantiated by the decline in the amount of carbon dioxide that was 
produced from the reaction as appears in Figure 4-8. 
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Figure 4-8: Effect of the cell ionic efficiency on the generated ionic current for BiMo/Ag/CaSZ 
cell. Applied voltage: 13 V. Temp. 450'C. 
4.3 Viscosity Measurements of Binary Gas Mixtures Containing 
Oxygen 
Since all the experiments which were performed generated mixtures of gases (He and 
0,? ) or (N2and 0,? ) with very small concentrations of oxygen, it was appropriate to use 
the method described by Mason, et al. [I I to measure the gradient of viscosity of these 
i-nixtures with oxygen concentration. 
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4.3.1 Viscosity Measurement 
Consider the notional system in Figure 4-9, which contains all the important elements. 
A constant carrier flow is established through the system, which comprises the solid 
electrolyte cell, a pressure transducer and a capillary tube. A backpressure regulator 
sets the pressure at PBPR at the outlet of the capillary tube. 
Perturbation 
(Calibration) 
Oxygen Flux 
Carrier 
Delay Line 
Back Pressure 
Regulator (PBPR) 
Figure 4-9: Simplified sketch for the part of the experimental set-up where the changes in flow 
rate and composition are monitored. 
The capillary tube at the end of the system restricts the flow and hence causes the 
upstream pressure (po) in the system to be higher than PBPR. The system pressure 
detected by the pressure transducer. Figure 4-10 shows the signal trace (pressure 
changes) observed with this technique. 
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Figure 4-10: Simplified experimental response for addition0f 02 to the carrier gas (He or N2) 
stream via potential application. 
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For calibration purposes, a small but constant perturbation stream can be introduced 
into the carrier gas stream. When this is done, the pressure transducer will record an 
increased pressure (pl). A perturbation can also be introduced by applying a voltage 
across the solid-electrolyte membrane, in which case oxygen will be added to the 
system. The introduction of the perturbation gas changes the composition of the 
combined flow. This mixed flow moves through the delay line at the superficial 
velocity of the carrier flow plus perturbation flow. It eventually reaches the capillary 
at the end of the system. A capillary tube meter is sensitive to flowrate and viscosity, 
and so if the viscosity of the gas is changed by the perturbation (addition of a different 
gas), the pressure indicated by the transducer will change to a new pressure P2. The 
change in pressure from p, to P2 will be an indication of the change in viscosity of the 
gas. 
For laminar flow through a capillary the pressure gradient is proportional to the 
product of the fluid velocity and viscosity. For a gas (assumed ideal) the velocity is 
inversely proportional to the pressure, which depends on axial position. Nevertheless, 
the mass (or molar) velocity is independent of position. Consequently -p 
dp 
(where 
dz 
dz is a differential distance along the capillary) is proportional to (, u - M). Integration 
over the whole length of the capillary shows that: 
22 
-",: 2KuMRT P- PBPR 
Where p = system pressure (bar) 
PBPR = pressure set by back pressure regulator (bar) 
K = capillary constant 
= Viscosity of gas (/j P) 
M MO = molar flow of gas 
(1) 
R = universal gas constant 
( J 
I. K mo 
T = temperature (K) 
(4.3) 
The addition of the perturbation gas gives rise to an increase in flow AM which is 
related to po and pI by: 
22 
p, - po -.,::: 2KuORTAM (4.4) 
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At this moment only the flow rate in the system changes and AM denotes the molar 
flow of the added perturbation (the viscosity in the capillary stays constant because 
the perturbation gas and hence the change in composition has not yet reached the 
capillary). 
Considering now the second step (the perturbation reaches the capillary). The flow is 
M+ AM and the viscosity changes by Au. 
2_2 2KRT[M + AM]Ap P2 p, 
If the step sizes are Apo and Ap, then 
API -7:: P2 - 
and 
Apo : -- p, - po 
Substituting and dividing (4-4) by (4-3) we get 
2p, API + 
AP12 
2p, (M + AM)Au 
2 
2po Apo + 
Apo uAM 
2po 
(4.5) 
(4.6) 
(4.7) 
(4.8) 
now if all the pressure changes are small relative to the absolute pressure then 
po = p, and PO IA ))API I AP2 
and equation (4.8) reduces to 
AM 
- 
(M + AM)AP 
=Radd (4.9) 
Apo PAM 
Note that 
Ap' 
is a measurable quantity (Figure 4-10). Apo 
If the perturbation is the addition of pure oxygen, flowrate AM to a carrier, which 
contains no oxygen then the final mole fraction of oxygen is given by: 
X0, = 
AM 
(4.10) 
ý AM+M 
Now 
Aß=#, 
So, from equation (4-9) and (4- 10) 
Aw 
go 1+ 
RaddAM ] 
=, Uo 
[I 
+ RIld(I X 02 (4.12) - lj M+AM 
Where Xo = mol fraction of oxygen in the total gas flow 
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viscosity of gas mixture (, u P) 
po = system pressure prior to perturbation introduction (bar) 
pi = system pressure after addition of perturbation flow (bar) 
P2 =system pressure when perturbation has reached the sensing capillary (bar) 
This means that by simply measuring the ratio of the two pressure changes (caused by 
the addition of the perturbation) and knowing the viscosity of the pure carrier gas, the 
final viscosity of the gas mixture can be determined. The mole fraction of oxygen in 
the gas stream is derived from the calibrated first pressure change (see equation (4-4)) 
using equation (4-10). 
Error calculation shows that the simplification of equation (4-8) to yield equation (4- 
9) is valid within the range of measurement: 
This system operates at just above atmospheric pressure (1.315 bar). At an 
electrochemical cell voltage of 8V (one of the highest voltages applied - 
resulting in one of the highest oxygen flowrates induced), the pressure 
transducer gave values of Apo = 4.74.10-4 bar and Ap, = 3.68.10-4 bar. 
The error introduced by the approximation mentioned above amounts in 
this case to 0.032 % which can be neglected. 
4.3.2 CompositionNiscosity Correlation 
Because of the built in delay line the apparatus also allows the viscosity of the gas 
mixtures to be measured. According to equation (4-12) measurement of the two 
offsets Apo and Ap, caused by the flow addition and the change in viscosity, 
respectively, directly yields the viscosity of the gas mixture (provided that the 
viscosity of the pure carrier is known and that the oxygen partial pressure can be 
calculated). The required oxygen partial pressure is determined from the carrier flow 
and the perturbation flow (added oxygen flow) according to equation (4-8). The 
oxygen flow in turn is obtained from either the first measured offset Apo or by the 
application of Faraday's law (4- 1) (based on the measured current). 
4.3.2.1 He/02 -Mixtures 
A graph of the viscosity of He/O-, mixtures at low oxygen partial pressures is given in 
Figure 4-1 L It is apparent that the viscosity of He/O-) mixtures increases with 
increasing oxygen partial pressure. These experiments were carried out at two very 
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different carrier flow rates (8.9 and 21.43 ml/min) to investigate a large range of 
oxygen fluxes through the solid electrolyte. 
204 - 
202 - 
P-" 
200 - 
198 - 
i gd , 
194 L- 
0 0.01 0.02 
Oxygen Partial Pressure 
0.03 0.04 
Figure 4-11: Viscosity of He/02 Mixtures as Function of the Oxygen Partial Pressure 
The data of this work have been compared with published data [2,31 to which a cubic 
polynomial (regression) was fitted in order to interpolate to very low oxygen partial 
pressures. It appears that the experimental data of this work fit very well and compare 
favourably with interpolated data from literature. 
A linear regression analysis of the data of this work (oxygen partial pressure between 
0 and 0.035) results in a gradient of 116.98 ýW with an R-square of 0.98. The gradient 
has the dimension of viscosity. Considering equation (4-12) the gradient corresponds 
to (, uo - Radd ). A dimensionless gradient can be simply derived by division through ýto- 
It is believed that [4], no accurate viscosity measurements have been carried out 
previously at these very low oxygen partial pressures (less than 4%). This may be due 
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to the lack of accurate mixing devices for the generation of these gas mixtures. At 
very low concentrations there is negligible02-02molecular interaction. 
4.3.2.2 N2/02- Mixtures 
A graph of the viscosity of N2/02mixtures is given in Figure 4-12 as a function of the 
oxygen partial pressure. It is clear from this figure that the viscosity gradient is rather 
shallow with respect to composition. There is a simple linear relationship between the 
viscosity of N2/02mixtures and the respective oxygen partial pressure (in the range 
investigated). Hence the viscosity of any mixture may be calculated in this 
concentration range simply by the knowledge of the viscosity of nitrogen and the 
knowledge of the value of the gradient (33.46 ýW). Again, the experimental data of 
this work fit very well the interpolated data from literature [3,5,6]. 
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Figure 4-12: Viscosity of N2/02 Mixtures as Function of the Oxygen Partial Pressure 
As the difference in viscosity between pure nitrogen and pure oxygen is quite small, it 
was necessary to reduce the carrier flow to reduce the thermal noise that is picked up 
by the instrument. Hence, the data collected at the lower carrier flow rate of 2.71 
ml/min are likely to be more accurate. The combination of the sensitive pressure 
transducer and capillary tube is a very sensitive flowmeter. Small random temperature 
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changes in the furnace cause the gas in the electrochemical cell to expand and contract 
and this appears as random noise at the flowrate detector. 
4.4 Conclusions 
The experiments described in this chapter show that the solid electrolyte CaSZ was 
purely ionic conducting (nearlOO % ionic efficiency) at 500'C, for applied voltages of 
up to 10 volts. At voltages above this value some of the cells began to show quite 
significant electronic conduction. However it appears that even when electronic 
conduction is taking place the amount of current conducted by ionic transport was 
maintained. As a result of that it was decided to use this material in the catalytic and 
electrocatalytic studies, which are discussed in the subsequent chapters. 
A novel system for the production of gas mixtures containing precise amounts of 
oxygen at very low levels has been demonstrated. The measurement of the viscosity 
of such mixtures has been made and the viscosities of binary gas mixtures (He/02and 
N2/02) are reported. At low oxygen partial pressures the viscosity of the gas mixtures 
(function of oxygen partial pressure) of both systems can be described by a simple 
linear correlation. The observed gradient in the case of the He/02 system was 116.98 
gP and in the case of the N2/02 system was 33.46 ýW. The accuracy of the described 
system is of the order of 0.1 gP. 
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5. Effect of the Method of Oxygen Provision on the Partial 
Oxidation of Propene Using supported Silver as a 
Catalyst 
It is well established [1-4] that silver surfaces are selective catalysts for ethene 
epoxidation to ethene oxide. The reported selectivities for ethene oxide on supported 
silver catalysts, which have been employed in industrial catalytic operations, are in 
excess of 80%[2]. In contrast, the reaction of propene with oxygen on silver surfaces 
produces mainly total combustion products, i. e., carbon dioxide and water. The 
typical selectivity for propene oxide production on silver catalysts is less than 5%[3]. 
Previous studies have suggested that the lower epoxidation selectivity for propene 
compared to ethylene is due to both a decreased rate of epoxidation of propene [31 
and to an increased rate of propene combustion [8]. The increased favourability for 
propene combustion has been attributed to a greater reactivity of the allylic 
hydrogens in propene compared to that of the vinyl hydrogen in ethylene. Barteau 
and Madix [ 17] proposed a mechanism for the total oxidation of propene to carbon 
dioxide and water on silver surfaces by which propene reacts irreversibly to form 
hydroxyl groups plus adsorbed carbon on the surface. A portion of the carbon is 
subsequently oxidized by oxygen atoms liberated by the disproportionation of 
adsorbed hydroxyl species. Because of the unfavourable selectivity of this reaction, it 
is of limited utility for the commercial production of propene oxide, and considerably 
less attention has been devoted to the oxidation of propene on silver than to that of 
ethylene. Only recently some studies showed that [20] silver surfaces could have 
reasonable epoxidation selectivity for propene oxide by the use of some promoters, 
such as alkali elements, and NO, 
In this work, these results, which have been presented previously regarding the poor 
selectivity of silver for epoxidation of propene, are confirmed. During this research 
project propene oxide could not be detected at all over supported silver on Calcia 
Stabilized Zirconia (CaSZ). Instead the production of 1,5-hexadiene from the 
dimerisation of propene was observed with substantial selectivities. According to the 
author knowledge, this is the first time that the formation of 1,5-hexadiene from 
propene on supported silver is reported. Other reaction products that were detected 
during this work were: carbon dioxide, and acrolein. Carbon monoxide was produced 
in very small quantities and was not possible to be quantified (see Appendix, A-5). 
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5.1 Partial and Total Oxidation of Propene 
As was mentioned earlier most of work that dealt with oxidation of propene on silver 
catalysts reported mostly total oxidation products. The reason for that is because 
these studies employed relatively high02/C3H6ratios (0.25- 15) [6,21] compared to 
the ratios that were employed in this work (0.001-0.05). To confirm this one set of 
experiments was carried out over a wide range Of 02/C3H6 ratios with oxygen 
provided in the gas phase. The selectivities of the partial and total oxidation products 
are presented in Figure 5-1. It appears from the figure that at very low02/C3H6ratios 
the main products were partial oxidation products, i. e. acrolein and 1,5-hexadiene. As 
the ratio increases the selectivity towards C02 increases and that of the partial 
oxidation products decreases, which confirms that findings presented in this work are 
in agreement with other authors. 
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Figure 5-1: Selectivities of total and partial oxidation products using Ag/CaSZ. Gas phase 
oxygen. 450'C. 
5.2 Effect of the Method of Oxygen Provision on the Reaction 
Pathways 
The partial oxidation of propene over supported silver as a catalyst was conducted 
either by using oxygen provided as molecular oxygen from the gas phase, i. e., mixed 
and co-fed with propene, or supplied as oxygen anions by applying an electrical 
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potential to the solid electrolyte cell. In the latter case the oxygen molecule is reduced 
by accepting four electrons at the cathode side, equation (5- 1). 
02 + 4e - <--> 202- (5-1) 
The generated oxygen anions move via the oxygen vacancies in the solid electrolyte 
and appear at the anode side, where they have two possible routes. These are either to 
be involved in oxidation of propene, or alternatively the oxygen anions could be 
reoxidised by losing two electrons at the anode and combing to form molecular 
oxygen once again, which might desorb into the gas phase. 
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Figure 5-2: Effect of the method of oxygen provision on the formation rate of 1,5-hexadiene, 
using Ag/CaSZ at 450'C. 
Partial oxidation of propene has been performed at 4500C on electrochemical cells 
using Ag as a catalyst electrode material. One cell was used for di-oxygen provision 4-: ý 
frorn the gas phase, and another cell was used for electrochemical provision of 
oxygen. Figure 5-2 shows the formation rates of 1,5-hexadiene as a function of 
oxygen provision. 
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It is evident that the method of oxygen provision has a role in the production rate of 
1,5-hexadiene. It appears that electrochemical provision enhances greatly the 
formation of 1,5-hexadiene. The formation rate of 1.5-hexadiene using the method of 
electrochemical oxygen supply was about an order of magnitude higher than that 
when using the method of gaseous oxygen provision Over the range of oxygen 
provision that was used, the production rate of 1,5-hexadiene when electrochemical 
provision was used showed dependence on increasing oxygen provision. The 
formation rates of 1,5-hexadiene increased linearly with increasing the amount of 
oxygen that was supplied. In contrast the amount of 1,5-hexadiene produced when di- 
oxygen (gas phase) provision was used did not change significantly over the range of 
oxygen provision from 2-25 gmol/min. 
Acrolein formation rates behave almost in reverse to those of 1,5-hexadiene, i. e., 
when oxygen was provided through the solid electrolyte the formation rate of 
acrolein is suppressed as is apparent from Figure 5-3. Over the range of oxygen 
provision that was used (0.5-6.0 gmol/min), it is observed that the rate of acrolein 
formation using both methods of oxygen provision increased with increasing oxygen 
provision. The increase in acrolein formation rates with increasing the amount of 
oxygen provided using the method of gaseous oxygen provision is much greater than 
that of using the method of electrochemical oxygen provision. The ratio of acrolein 
formation rate using di-oxygen provision to that using electrochemical provision was 
approximately 8.0 times greater. 
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Figure 5-3: Effect of the method of oxygen provision on the acrolein formation rate, using 
Ag/CaSZ, 450'C. 
The formation rates of carbon dioxide are shown in Figure 5-4. For both methods of 
oxygen provision, the formation rates of carbon dioxide increase linearly with 
increasing the amount of oxygen supplied. It appears that the method of oxygen 
provision has almost no effect on the formation ratesOf C02- 
It is noticed that all the formation rates of the three detected products are almost 
linearly dependent on the amount of oxygen provision. These experiments were run 
at large excess of propene, so it is expected that oxygen is the limiting reagent, and 
the rates of formation of the products were functions of the amount of oxygen 
provided. 
102 
15 
c 
E 
a E 
(Z 
-0 
(lö 
ci 
12 
9 
6 
3 
0 
0 Gas phase oxygen 
0 Electrochemical oxygen 
0 
0 
0000 
go 
T-- 
05 10 
0 
0 
0 
15 20 25 
02Provision, pmol/min 
Figure 5-4: Effect of the method of oxygen provision on the C02 formation rate, using Ag/CaSZ, 
450'C. 
Figure 5-5 shows the molar selectivities for the partial oxidation products at 450'C 
for both cases of oxygen provision, gas phase and electrochemical. Selectivity for 
1,5-hexadiene using electrochemical provision was approximately 8 times its value 
when oxygen was provided as di-oxygen in the gas phase. The selectivity decreased 
with increasing electrochemical oxygen provision, while it stayed fairly constant 
when gas phase oxygen was used. Almost opposite trends were noticed for acrolein 
selectivities, upon providing di-oxygen by co-feeding oxygen with propene in the gas 
phase, acrolein selectivities were about 8 times their counterparts when oxygen was 
provided electrochemically. Acrolein selectivities using di-oxygen decreased with the 
increasing in the oxygen provision, while it appeared that there was no effect of the 
amount of oxygen provided electrochemically on the selectivities of acrolein. It is 
observed that the selectivities of 1,5-hexadiene using electrochemical provision were 
almost identical to those of acrolein when di-oxygen provision was used. This could 
be explained by the fact that the first step in the formation and in fact the rate 
determining step of both products is the abstraction of a-hydrogen of the propene 
molecule to fori-n symmetric allylic radical [ 12,16,171. If there is no other active sites 
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or species in the system, any two of these allylic radicals are coupled to form 1,5- 
hexadiene. In the case where there is other active species or sites in the system then 
these radicals undergo a further hydrogen abstraction and oxygen insertion to form 
acrolein. 
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Figure 5-5: Effect of the method of oxygen supply on the partial oxidation products selectivities, 
using Ag/CaSZ, 450'C. Open symbols: Gas phase oxygen, Closed symbols: 
Electrochemical oxygen. 
As shown in Figure 5-6, it is observed that the selectivity of carbon dioxide increases 
with increasing oxygen provision and it is almost the same in both cases. i. e. it is 
independent of the method of oxygen provision, which suggests that the selectivity of 
carbon dioxide does not depend on the type of oxygen species involved in the 
reaction of propene towards carbon dioxide and water. 
The ratio of selectivity of the partial oxidation products to that of the total oxidation 
product can be calculated from the following equation: 
SC, 
H40 
+ SCHjo 
SCOI 
(5-2) 
Figure 5-7 shows the ratio of the selectivities for both methods of oxygen supply. 
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Figure 5-6: Effect of the method of oxygen provision on the selectivity of carbon dioxide, using 
Ag/CaSZ, 450'C. 
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Figure 5-7: Selectivity ratios of the partial oxidation products to carbon dioxide, using Ag/CaSZ, 
450'C. 
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It appears that there is a small little difference between the selectivity ratios whether 
oxygen is provided in the gas phase or supplied through anionic diffusion through the 
solid electrolyte. From the information gained so far, it could be concluded that the 
extent of total oxidation at a temperature of 450'C is similar in both cases, i. e., for 
both methods of oxygen supply. This might suggest that both of the partial oxidation 
products acrolein, and 1,5-hexadiene, are formed through a common rate-lini-iting 
step. Since carbon dioxide formation is not affected by the method of oxygen supply, 
suggests that the total combustion route is totally independent of the partial oxidation 
route in this particular system. The selectivity towards total oxidation products is 
independent of the route of oxygen provision and at the same time selectivities 
between the selective oxidation products are shifted, and the rateOf C02 production 
is not affected by the method of oxygen supply, i. e. the same amount Of C02 is 
produced whether 1,5-hexadiene or acrolein is the major product. This might suggest 
that under the conditions that applied in this work, it is unlikely that adsorption routes 
of acrolein and 1,5-hexadiene and hence eventually their consecutive oxidation to 
total oxidation products could contribute to the formation of the total oxidation 
products. Hence there must exist a direct route totally different from that of partial 
oxidation starting from propene itself or at least from the allylic intermediate. 
These results suggest that there is an independent route for the total oxidation, which 
might happen on the solid electrolyte itself. However there are speculations in the 
literature that total oxidation products come through the formation of the allyl 
radicals but the pathway from the allyl radical to the total oxidation product is yet 
unknown [ 16]. It would be useful if the concentration of the allylic radicals produced 
in both cases of oxygen provision were determined, and compared to the amount 
used to form acrolein and 1,5-hexadiene. This could give undisputed evidence that 
total oxidation has its own independent route. Unfortunately the means for evaluating 
these radicals, such as electro paramagnetic resonance spectroscopy (EPR), was not 
available in this research project. 
The selectivities of the partial oxidation products at 500'C are shown in Figure 5-8. 
The trends at 500'C are similar to those at 450'C with some differences. The 
selectivities of acrolein using gas phase oxygen provision 
decreased by about 20%, t) I 
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while at 450'C it was almost identical to that of 1,5-hexadiene when electrochemical 
oxygen was used as was shown in Figure 5-5. 
Similarly, the selectivity of carbon dioxide was higher by about 20% when using gas 
phase oxygen provision as shown in Figure 5-9. This decrease in the selectivity of 
acrolein, which is associated by an almost equivalent increase in the carbon dioxide 
selectivity when the temperature was raised from 450 to 500'C, might be attributed 
to the consecutive oxidation of acrolein to carbon dioxide and water. It was found 
that [81 acrolein does polymerize on oxygenated silver. The adsorption was 
completely irreversible and the polymer formed proved capable of accumulating 
oxygen from the gas phase, resulting in the deep oxidation of this polymer. 
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Figure 5-8: Effect of the method of oxygen supply on the partial oxidation products selectivities, 
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5.3 Effect of Temperature 
The sets of data that were obtained from the experiments that were performed at the 
two different temperatures of 450 and 500'C are compared in order to establish 
whether there is a temperature effect on the three possible reaction pathways. Figure 
5-10 presents the formation rates of 1,5-hexadiene using di-oxygen provision, at 
450'C, and 500'C. It is apparent that an increase of temperature from 450'C to 
500'C has little effect on the formation rates of 1,5-hexadiene when oxygen was 
provided in the gas phase. It is clear at both temperatures that the rate of 1,5- 
hexadiene (C61-11o) formation increases with increasing oxygen provision. The rate of 
C61-110 increased from about 0.03 gmol/min at 1.0 ýtmol/min oxygen provision to 
about 0.13 ýtmol/min at approximately 25 ýtmol/min oxygen provision. 
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Figure 5-10: Effect of temperature on formation rate of 1,5-hexadiene on Ag/CaSZ, using di- 
oxygen provision from the gas phase 02 
However when oxygen was provided as anions through the electrolyte, there seems to 
be a different behaviour observed for the 1,5-hexadiene formation rates as shown in 
Figure 5-11. At very low amounts of oxygen supply, the acrolein formation rate at 
450'C was slightly higher than that at 500'C, but as the oxygen provision increased, 
the formation rates at 500'C became slightly higher. The rate of increase in the 
formation rates Of C6HIO at 500'C was slightly higher than that observed at 4500C. 
During the range of oxygen supply from 0.5-7.0 ýtmol/min, the formation rate at both 
temperatures increased linearly with increasing oxygen provision. 
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Figure 5-11: Effect of temperature on formation rate of 1,5-hexadiene using electrochemical 02, 
Ag/CaSZ. 
Temperature has little effect on acrolein formation rates in the case of molecular 
oxygen provision in the gas phase as it is shown in Figure 5-12. It is evident that at 
both temperatures the rate of acrolein production increased with increasing oxygen 
supply. 
Similarly, when oxygen is provided as anions by pumping through the solid 
electrolyte, an increase in temperature from 450 to 500'C appears to have no 
significant influence on the formation rates of acrolein as it is apparent from Figure 
5-13. From Figures 5-12 and 5-13, it is clear that at both temperature, the method of 
di-oxygen supply from the gas phase was more effective than the method of 
electrochemical supply in the formation of acrolein over silver on CaSZ. 
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The effect of temperature increase on carbon dioxide formation was minimal in the 
case of di-oxygen supply from the gas phase. The rate of productionOf C02 increased 
linearly with increasing oxygen supply, as shown in Figure 5-14. 
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Figure 5-14: Effect of temperature on C02 formation, g. phase 02 using Ag/CaSZ 
Similar observation is noticed when the method of electrochemical oxygen supply 
was used, the increase in the temperature from 450 to 5001C has little effect on the 
C02 formation rates. Figure 5-15 shows the rate Of C02 formation using the 
electrochemical oxygen supply. It is evident that the rate Of C02 increased linearly 
with increasing oxygen supply for both cells. 
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Figure 5-15: Effect of temperature on C02 formation rate, electrochemical 02, using Ag/CaSZ 
The effect of the temperature increase on the products selectivities using the gas 
phase oxygen is shown in Figures 5-16 and 5-17 for the partial oxidation products 
and carbon dioxide, respectively. In the current system and under the applied 
conditions, it is evident that the method of di-oxygen supply is more selective for 
acrolein at low oxygen provisions. When oxygen provision increases, the selectivity 
of acrolein slowly decreases over the whole oxygen provision range used. The 
selectivity0f C61-110 decreased rapidly from about 18% at approximately 1.0ýtmol/min 
oxygen provision to about 5.0% at about 10.0ýtmol/min oxygen provision and 
remained near this level for the rest of the oxygen provisions that were used. C02 
selectivities increased with increasing oxygen provision. It appears that the increase 
in temperature from 450'C to 500'C had little effect on the selectivities of the three 
detected products when the method of dioxygen provision was used. 
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Figure 5-16: Effect of temperature on the partial oxidation products selectivities on Ag/CaSZ, 
using gas phase oxygen provision. Open symbols: 450'C, Closed symbols: 500'C. 
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Figure 5-17: Effect of temperature on carbon dioxide selectivity on Ag/CaSZ, using gas phase 
oxygen provision. Open symbols: 450'C, Closed symbols: 500'C. 
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At very low oxygen provision rates, the method of electrochemical oxygen supply 
gave similar selectivities for 1,5-hexadiene at both temperatures as shown in Figure 
5-18. As the oxygen provision rate increased, the 1,5-hexadiene selectivity at 5000C 
became slightly higher than that at 450'C. The C614jo selectivities at both 
temperatures decreased with increasing oxygen provision. This decrease might be 
related to the state of reduction of the surface of silver. 
Acrolein selectivity was low at both temperatures, though it was slightly higher at 
450'C. It showed no trend with the change in oxygen provision. It was almost 
constant with the increasing oxygen provision 
TheC02 selectivity was approximately the same at both temperatures for very low 
rates of oxygen provision as is shown in Figure 5-19. Upon increasing the oxygen 
provision, higher selectivity was observed forC02at 450'C than at 500'C. It appears 
that at 450'C, carbon dioxide forms on the expense of 1,5-hexadiene, because the 
selectivity of 1,5-hexadiene at 450'C was lower than that at 5000C, while that of 
acrolein showed little change with increase of temperature. 
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The behaviour of the C02 selectivity when the temperature was increased from 
450"C to 500"C is very peculiar and the explanation of that was not apparent. 
It should be mentioned that during these experiments the range of oxygen supply for 
the di-oxygen provision in the gas phase is much greater than the corresponding one 
using the method of the electrochemical supply of oxygen. The reason for that is 
related to the limited conductivity of the electrochemical cell. The oxygen ion 
conductors and (generally solid electrolyte materials) at present available 
commercially are not capable of conducting large amounts of oxygen ions. 
Chemical reactions for the three detected products are: 
I. Partial oxidation to acrolein C3H6 + 02 ý-4 C3H40+ H-,? 0 (5-3) 
2. Dimerisation to 1,5-hexadiene 2C3H6 + 102 <-> C6HjO + H-)O (5-4) 2 
Total combustion C3H6 + 01 " 3CO2 + 3H, )O (5-5) 
Since the reactions were run at several times excess of propene, and the conversion of 
propene is very small, the propene oxidation is carried out under differential 
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conditions of propene and the partial and deep oxidations of propene is assumed to be 
pseudo-zero order with respect to propene and first order with respect to oxygen. 
In the case of oxygen provision from the gas phase, it is clear that temperature 
change had no effect on the formation rates of acrolein and 1,5-hexadiene, which 
could indicate that the activation energies for reactions (5-3) and (5-4) might be very 
similar, or that there is a common rate limiting step. 
From Arrehnius equation: 
EAI 
k C3 = 
ko, 
e 
RT,, (5-6) 
EA2 
kc, =ke 
RT. (5-7) 02 
where kcý kc6 : reaction rate constants for reactions (5-3) and (5-4) 1 
ko, ,k 02 : Pre-exponential factor or frequency factor. 
EA, 
, 
EA2 
: Activation energies for reactions (5-3) and (5-4), J/mol 
R: gas constant = 8.314 J/mol. K 
Ta: absolute temperature, 
From (5-6) and (5-7) 
k k, -I 
(EA2 
-EAI C6 
2 
Xe 
RT,, (5-8) 
kc, kol 
At a different temperature, 
Tb: 
II kc, 
=k 
02 
xe -R 
Tb 
( EA, -EAI 
(5-9) 
kIk C3 Ol 
Since the rates of formation and selectivities of acrolein and 1,5-hexadiene were not 
affected by the temperature increase when oxygen was provided in the gas phase, it 
might be possible to assume that the ratio of the rate constants for reactions (5-3) and 
(5-4) does not change very much with temperature increase. Equations (5-8) and (5- 
9) can be equated: 
EA, 
-EA, 
TI, 
(5-10) 
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This equality is only true when: 
EA, 
: 7-- 
EA2 (5-11) 
From equation (5-11), it could be concluded that, when oxygen is supplied from the 
gas phase the formation of acrolein and 1,5-hexadien reactions have similar 
activation energies. 
The observed no temperature effects of the formation rates may be also attributed to 
the fact that oxygen is the limiting reactant, and hence upon increasing the 
temperature, in the presence of higher amounts of oxygen provided, the product 
formation rates might have changed. 
5.4 Proposed Mechanisms for Propene Oxidation on Ag/CaSZ 
Upon providing oxygen as di-oxygen in the gas phase it could adsorb atomically [7] 
and molecularly [81 on the silver surface. Also a very important role of di-atomic 
oxygen species in the oxidation of propene to acrolein over Rh and Ru on (x-A1203 
was propesed [9]. This diatomic species participitated in the abstraction of an allylic 
hydrogen and insertion of an oxygen atom in the propene molecule to form acrolein. 
Based on the previous observations and conclusion the proposed mechanism for 
propene oxidation to acrolein over Ag/CaSZ is presented schematically in Figure 5- 
20. Both propene and oxygen from the gas phase are adsorbed on the silver surface 
according to the following equations: 
02 (9) <-> 02(a) (5-12) 
02(g) <-> 20(a) (5-13) 
CAW " CA(a) (5-14) 
Then an (x-hydrogen is abstracted from the propene molecule by an oxygen adsorbed 
atomically to the Ag surface, producing a symmetrical allylic intermediate and an OH 
group both adsorbed to the Ag surface. 
This symmetrical allylic intermediate undergoes a further hydrogen abstraction and 
an oxygen insertion; the dispute over the sequence of these two steps is not resolved 
yet [101, to form the adsorbed acrolein molecule and an adsorbed OH group. 
C, H 6 (a ). +0 (a) <-->C3H5 (a) + OH (a) (5-15) 
CA (a) +02 (CO ý-4 C3H40 (a) + OH (a) (5-16) 
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Then the two OH groups formed combine to form adsorbed water molecule and 
atomically adsorbed oxygen. 
OH (a) + OH (a) <-4 H2 O(a) + O(a) (5-17) 
Finally the acrolein and water molecules that were formed desorb from the Ag 
surface into the gas phase. 
C3H40 (a) <-4C3H40(g) 
H20 (a) <-> H20(9) 
(5-18) 
(5-19) 
Interaction of oxygen with silver has been studied extensively, but unfortunately 
most of those adsorption studies were performed at temperatures considerably lower 
than the ones used for experiments involving zirconia as solid electrolyte. However 
there are a few studies performed at high temperatures. It has been found that oxygen 
exposure from the gas phase at or near atmospheric pressure and at temperatures 
equal or higher than 520'C leads to a pronounced restructuring of the Ag (111) 
surface and a distortion of the Ag lattice [18,19]. Associated with the distorted silver 
lattice, a tightly held oxygen species with a desorption temperature above 600'C was 
formed. This strongly bound oxygen species (labelled Oy) was identified under 
conditions close to those used in the catalytic oxidation of methanol to formaldehyde 
by in situ Raman spectroscopy, and was therefore suggested to be the active site 
responsible for the methanol dehydrogenation [18]. Similar adsorbed oxygen species 
perhaps were active for the abstraction of hydrogens from propene molecules and 
insertion of oxygen atoms to form acrolein. 
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When oxygen is supplied to the anode space via oxygen ion conduction by applying 
an electrical potential throughout the electrochemical cell Air, Ag/CaSZ/Ag, C3H6,, 
Ar, the major product observed was 1,5-hexadiene. The proposed mechanism of the 
1,5-hexadiene formation is shown in Figure 5-21. At the cathode side of the 
electrochemical cell mentioned above, oxygen from air that is adsorbed on the Ag 
surface is reduced by two electrons picked from the cathode due to application of an 
electrical potential. 
These oxygen anions move through the oxygen vacancies in the solid electrolyte until 
they reach the surface of the Ag anode/catalyst 
O(a) + 2e- ý4 02 
Or, using Kroger-Vink notation: 
(5-20) 
O(a) + Vo* + 2e- <--> 00 (5-21) 
Where VO** is oxygen ion lattice vacancy, and Oo is an oxygen anion 02- in the 
calcium-stabilised zirconia (CaSZ) lattice. 
On the anode side of the electrochemical cell, propene is adsorbed onto the surface of 
the Ag. 
CA (9) ý4 CA(a) (5-22) 
The oxygen anions that moved through the lattice of the solid electrolyte eventually 
appear in the anode side at the three-phase boundary (TPB), Ag, CaSZ, and the gas 
phase. At the TPB, the oxygen anions are reoxidised again by up to 4-electron and 
transfer by migration back spill over on the Ag anode. In oxidation chemistry, 
activation of molecular oxygen can be generally achieved by its reduction, i. e. the 
active species are reduced oxygen species, such as the superoxide ion (02), the 
peroxide ion (02-) or the atomic oxygen (0-) species [I I], or it might be 2 
incorporated in the silver anode and form some kind of surface lattice oxygen 
associated with silver. However the nature of the active oxygen species for oxidation 
of hydrocarbons is not yet known precisely [12]. An (x-hydrogen is abstracted from 
the adsorbed propene by this oxygen species to form the ic-allylic intermediate. 
C3H6(a) +0 (a) <->C3H5(a) + OH (a) (5-23) 
Electron Paramagnetic Resonance spectroscopy (EPR) was used [ 13] for the 
detection of and identifying the gas-phase allyl radicals that were produced from 
propene over Bi-)O. i. The major stable product over this catalyst was 1,5-hexadiene. It 
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was found that there is agreement between the number of gas-phase allyl radicals 
detected by EPR and the amount of 1,5-hexadiene observed from stable product 
analysis. This suggests that the major pathway for product formation is via allyl 
radical coupling in the gas phase rather than on the surface of the catalyst. 
C3H5(a) <->C3H5(g) (5-24) 
CA (9) + CA (9) ý-4 C6HO(g) (5-25) 
The two OH groups that were produced from the abstraction of the (x-hydrogen from 
the propene molecules combine with each other to form a water molecule, which then 
desorbs leaving an oxygen species on the surface. 
OH (a) + OH (a) <-> H20(a) + O(a) (5-26) 
H20 (a) <-> H20(9) (5-27) 
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Figure 5-21: Schematic sketch shows the proposed mechanism of 1,5-hexadiene formation using 
elect roche mical provision of oxygen, Ag/CaSZ 
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It would be helpful to distinguish whether the partial and total oxidation products 
formations are independent parallel paths or are consecutive reactions, or whether 
both contribute. There is some evidence available which favours the latter. It is 
confirmed [5] that acrolein is more easily oxidized toC02and H20than propene, and 
it could be assumed the same thing is true for the 1,5-hexadiene. However, an 
essential piece of information is missing, which is whether or not the activation 
energy for the oxidation of the partial oxidation product is higher or lower than that of 
its formation. 
it was suggested [6] that the direct route for total oxidation of propene proceeds via 
the cleavage of the olefinic double bond, i. e. by initial attack on the olefinic end of the 
molecule rather than the methyl group. In this work the second route probably 
dominates since the rate of carbon dioxide formation was the same for both methods 
of oxygen provision, while those of acrolein and 1,5-hexadiene changed and also 
because the ratio of oxygen to propene employed was extremely small, which suggest 
that there won't be enough oxygen to further oxidise acrolein and 1,5-hexadiene to 
carbon dioxide. 
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5.5 Surface Morphology 
The surface of the electrochemical cell Ag/CaSZ/Ag before being used in catalytic 
and electrocatalytic studies is shown in Figure 5-22a. It appears from the micrograph 
that the surface consists of large grains of silver with small porosity. The Ag surface 
is sintered due to prior heat treatment at 600'C for calcinations. The surface has 
changed dramatically after use in the catalytic and electrocatalytic studies as shown in 
Figures 5-22b to 5-22e. Further sintering had occurred to the Ag particles. It is evident 
that some kind of step structure has formed on the Ag particles after use in catalytic 
studies with gas phase oxygen at 450'C (Figure 5-22b). These steps will enhance the 
stabilisation of dioxygen species required for the formation of acrolein, and indeed 
this catalyst had shown higher acrolein selectivity using gas phase oxygen provision. 
Figures 5-22c and 5-22e show the micrograph for the Ag/CaSZ after being exposed 
for propene oxidation with electrochemical oxygen at 450'C and 500'C, respectively. 
It appears that porosity has decreased. There is no evidence of crystallisation process, 
because of the less occurrence of the step structure observed. This is supported by the 
noticed decline in acrolein selectivity when the electrochemical oxygen was used. 
It is interesting to note that a black coloured material was noticed on cells treated at 
500'C. When the surface of these cells was rubbed, a black colour was found on the 
tissue. This suggests that carbon deposition might have occurred at 500'C. 
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Figure 5-22a: SEM image of the surface of the Ag anode before reaction 
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Figure 5-22b: SEM image of the surface of the Ag anode after reaction at 450'C. using gas phase 
oxygen 
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Figure 5-22c: SEM image of the surface of the Ag anode after reaction using electrochemical 
oxygen at 450'C. 
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Figure 5-22d: SEM image of the surface of the Ag anode after reaction at 500'C, using gas phase 
oxygen 
Figure 5-22e: SEM image of the surface of the Ag anode after reaction, using "pumped" oxygen, 
at 500'C 
5.5 Conclusions 
1. Regardless of the method of oxygen provision whether it was gaseous 
molecular oxygen co-fed with propene, or it was the method of 
electrochemical oxygen, carbon dioxide was produced on Ag/CaSZ at a 
relatively low selectivities (5-30%) compared to corresponding work found in 
literature, whereC02 selectivity approached 95%. That was due to a very low 
02/C3H6 ratio that was employed in this work compared to those used in the 
published work. 
2. Different trends were observed for propene partial oxidation depending on the 
method of oxygen provision that was used. The method of gaseous molecular 
oxygen provision was more selective for acrolein formation, whereas the 
method of electrochemical oxygen provision was more selective towards 1,5- 
hexadiene formation. This difference in trend observed for the two methods of 
oxygen supply may be attributed to df I ferent types of oxygen participating in 
these reactions. 
3. When the method of gaseous dioxygen provision was used, the selectivities of tn 
acrolein and 1,5-hexadiene were not affected by the increase in temperature 
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from 450 to 500'C. This is suggested as being due to the activation energies 
for the formation 1,5-hexadiene, and acrolein being similar. On the other hand 
when the method of electrochemical oxygen was used the selectivity of 1,5- 
hexadiene showed a slight increase at higher oxygen provision rates and that 
of acrolein showed no effect with the increase in temperature from 450 to 
500'C. The increase in the 1,5-hexadiene selectivity was accompanied by a 
decrease in the total oxidation product (C02) selectivity. The explanation of 
this phenomenon has not been found yet. 
4. Oxygen supply has a significant effect on morphology. In the case of gas 
phase oxygen significant crystallisation occurs forming oxygen adsorption 
sites, which enhance the acrolein formation. During electrochemical oxygen 
provision only sintering of the silver particles observed. Qualitative evidence 
suggests carbon deposition at 500'C 
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6. Comparison of Silver and Gold as Catalyst Electrodes 
in the Partial Oxidation of Propene Using 
Electrochemical Oxygen 
In this chapter the results of the partial oxidation of propene using electrochemical 
oxygen provided via voltage application are presented and discussed for two 
electrochemical cells. The first cell consisted of gold-silver alloy as the catalyst 
electrode (anode), which was deposited on a calcia stabilised zirconia (CaSZ) solid 
electrolyte, and the cell was of the form: C3H6, Ar, Au(Agl4.2)HCaSZ//Ag, 02. The 
other cell consisted of silver as the catalyst electrode supported on CaSZ solid 
electrolyte and it was of the form: C3H6, Ar, Ag//CaSZ//Ag, 02. The behaviour of the 
two cells was compared regarding the production rates and selectivities of the partial 
and total oxidation products. 
6.1 Effect of Anode Material 
The effect of the type of metal over which the partial oxidation of propene takes 
place has been investigated by comparing silver and gold-silver alloy as catalyst 
anode materials. Figure 6-1 shows the acrolein formation rate as a function of oxygen 
provision to the anode/catalyst by applying an electrical potential to the 
electrochemical cell. 
The formation rate of acrolein increases linearly with increasing oxygen provision for 
both catalysts. However there is a difference between the rate of formation of 
acrolein on silver and gold-silver alloy. It is apparent that the Au(Agl4.2) anode 
outperformed the silver anode for acrolein production. Over the range of oxygen 
provision, the ratio of the acrolein production rate on the gold anode to that on the 
silver anode increased from about 1.6 at ca 0.5 gmol/min oxygen provision to 
approximately 4.2 at 5.0 gmol/min oxygen provision. 
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Figure 6-1: Effect of type of metal electrode (anode) on C3H40 formation rate, electrochemical 
0 oxygen, 450 C 
Upon comparison of the selectivities of the reaction products on Au/CaSZ to those 
produced on Ag/CaSZ using electrochemical supply of oxygen, it is clear from 
Figure 6-2 that both CaSZ supported metals are reasonably selective towards 1,5- 
hexadiene. However supported silver appears to be more selective for 1,5- hexadiene 
than supported gold. Over the range of oxygen provision between 0.0 to 6.0 
ýtmol/min, the selectivity of 1,5-hexadiene over silver was on average 30% higher 
than those obtained over gold. It is also clear that the selectivity of 1,5-hexadiene on 
both metals decreases with increasing oxygen provision. 
While it is apparent that both CaSZ supported metals are not very selective towards 
acrolein, it is clear that gold is more selective than silver. Over the range of oxygen 
provision that was used, the selectivity of acrolein over supported gold increased 
slightly with increasing oxygen provision. At the lowest value of oxygen provision 
that was used (0.47 gmole/min) the acrolein selectivity was 12%, while at the highest 
value of oxygen provision (5.75 [tmol/min) the acrolein selectivity obtained was 
22%. Over CaSZ supported silver, acrolein selectivities were almost constant at about 
3.0% over the whole range of oxygen provision that was used. On average acrolein 
selectivity over gold metal was about 
5.0 times that over silver metal. 
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Carbon dioxide selectivity on both metals increased linearly with increasing oxygen 
supply. Selectivity Of C02 over gold is slightly higher than that over silver. On 
average the carbon dioxide selectivity over gold is about 20% higher than that over 
silver. 
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Figure 6-2: Comparison of products selectivities, electrochemical oxygen, 450 'C. Open: 
Au/CaSZ Closed: Ag/CaSZ 
Although it is established [1,2] that gold films cannot catalyse the oxidation by 
surface oxygen supplied directly from the gas phase, because of the lack of the 
activity of gold in dissociative activation of molecular oxygen, there are a few papers 
[3,4], which reported some activity of gold surfaces for partial oxidation of propene. 
Cant and Hall [31 studied the heterogeneous oxidation of ethene and propene over 
several gold catalysts including, Au sponge, Au/Si02, and Au/(X-A1203. Total 
oxidation of both olefins invariably produced H20 andC02; CO was not detected. 
None of the catalysts used was very selective in the oxidation of ethylene. However, 
Au sponge and AU/SiO-) produced relatively large amounts of acrolein from propene. 
The selectivities for acrolein that were reported reached 50%. However it is worth 
mentioning that these experiments were run under an excess of oxygen. Oxygen to 
propene ratio was about 1: 
0.3. It has been suggested [5] that the gold that was used 
had irnpurities ofsilver. 
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Geenen, et al [5] studied propene oxidation on pure silver and on Ag-Au alloyed 
surfaces using gaseous oxygen provisions-02/C3H6ratio was 1: 3. They found mainly 
carbon dioxide was formed on pure Ag surfaces, while on gold rich Ag-Au alloys 
acrolein was formed in substantial amounts and the acrolein selectivity increased 
with gold content. They concluded that, on silver the formation of the allylic 
intermediate is followed either by total oxidation to carbon dioxide, or by further 
polymerisation/polycondensation to carbonaceous residues, whereas on the gold-rich 
alloys surfaces, this allylic intermediate is preferentially oxidised to acrolein and 
desorbed in this form. On the alloy surfaces, the allylic groups are separated by 
poorly adsorbing gold atoms, so the polymerisation/polycondensation process is 
prevented. To further investigate this matter, Geenen et al. [5] performed pulsed 
acrolein experiments. Acrolein was found to polymerise on oxygenated silver. The 
adsorption was completely irreversible and the polymer formed proved to be capable 
of accumulating oxygen from the gas phase, resulting in a deep oxidation of this 
polymer. On the Ag-Au alloy adsorbed acrolein behaved in an entirely different way; 
no polymerisation took place, irreversible as well as reversible adsorption occurred 
and the carbon balance was 100%, indicating that the surface was left clean. 
Results of this work confirm the conclusions of Geenen, et al [5]. As appears from 
Figure 6-1 Au(Agl4.2) is more active than silver for acrolein production. A sample 
of the Au/CaSZ surfaced was analysed by Energy Dispersive Spectroscopy (EDS), 
the analysis shows that the material contained Ag impurities, Figure 6-3. In fact an 
Ag content of 14.2 mol% was calculated. 
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Figure 6-3: EDS spectrum for the Au/CaSZ surface. 
Since gold is present in large quantities, it can act as a separator between silver 
particles. As gold is inert, the migration and back spill-over of oxygen onto gold 
surfaces might not be possible. When oxygen anions appear at the three phase 
boundary, there is a chance for some of them to combine to form molecular oxygen, 
which might desorb and subsequently adsorb molecularly on Ag sites. This adsorbed 
oxygen could be picked up by the propene molecules producing acrolein and water as 
shown in Figure 6-4. 
In the case of silver, when oxygen anions appear at the three phase boundary these 
anions can back spill-over onto the Ag surface, and adsorb atomically. These atomic 
species could be encountered by propene molecules, giving rise to two allylic 
intermediates which combine to form 1,5-hexadiene and water as shown in Figure 6- 
5. 
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6.2 Comparison of Results over Gold with Previously Published Data 
The formation rates over gold anodes were compared to those found by Tsunoda, 
et. al [11 who studied the partial oxidation of propene on gold electrodes on yttria- 
stabilized zirconia (YZS) using electrochemical týý supply of oxygen. They found that 
without oxygen "pumpincy" no reaction was detected, even when oxygen was added 
to the propene-nitrogen- helium mixture. When oxygen was pumped through the t-) 
solid electrolyte, propene was oxidized to acrolein, carbon dioxide, and carbon 
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monoxide (selectivity at 1% conversion, based on propene 60,30,10% respectively) 
according to these authors no dioxygen was produced under the conditions stated. 
Formation rates were taken from Figures 6 and 7 in reference [I] and plotted together 
with those obtained during this project, acrolein formation rates almost match those 
produced during this work as shown in Figure 6-1 -The significant difference between 
the results obtained during this work and those found in reference [1] is that 1,5- 
hexadiene was produced in appreciable selectivities on gold, while the formation of 
1,5-hexadiene was not mentioned at all in that paper as shown in Figure 6-6, even 
though the experiments were done under similar conditions, Table 6- 1. 
Table 6-1: Experimental conditions for this work and for the experiments from reference [1]. 
Parameter This work Reference [1] 
Temperature, 'C. 450 450 
RangeOf 02/C3H6 ratios 0.001-0.015 0.003-0.05 
Total flowrate, ml/min. 32 23 
C3H6 % 30 5 
Solid electrolyte used CaSZ YSZ 
Results from this work and from literature were obtained at 450'C. The02/C3H6ratio 
in this work ranged from 0.001 to 0.015, and the range for those obtained from the 
literature was between 0.003 and 0.05. The total flow rate was approximately 
32ml/min for this work, and 23 ml/min for Tsunoda's experiments. The C3H6 
composition in reaction mixture was about 30%, while it was 5% for those from 
literature. The most significant difference is that gold was supported over calcia- 
stabilized zirconia solid electrolyte in this work, while in reference [1] gold was 
supported over YSZ solid electrolyte. 
Since both results, either from this work or from reference [11, were obtained under 
several folds excess of propene, one would expect that there would be total 
consumption of oxygen that was provided under the employed reaction conditions. 
The calculated oxygen conversion based on the products formation rates is presented 
in Table 6-2. 
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Figure 6-6: Selectivities obtained using Au/CaSZ, and electrochemical 02 compared to those 
obtained by Tsunoda, et al [1] using Au/YSZ. Temp. 450'C 
Table 6-2: Oxygen conversions obtained from this work and from reference [1]. 
This work Data from reference [I] 
02provision, 
ýtrnole/rnin 
%02 
conversion 
02 provision, 
ýtmoleftin 
%02 
conversion 
0.466 156 0.571 70 
0.902 124 1.12 79 
1.55 87 1.57 80 
2.18 108 2.38 81 
3.26 108 
4.66 95 
5.75 100 
From the data of this work at low02provisions, the oxygen conversion appears to be 
greater than 100%. This is because either (1) an experimental error, or (2) oxygen 
that was used in the reactions was indeed more than that provided, which might be 
possible especially at the beginning of oxygen "pumping" where some extra oxygen 
might come out from the lattice of the solid electrolyte as it was fresh when it was 
used. For the data from reference [I], the oxygen conversion was different to the data 
from this work. Oxygen conversions were significantly lower than total consumption 
as it appears frorn Table 6-2. As the authors state that no dioxygen was evolved there 
139 
remains an unexplained discrepancy. In fact a similar criticism was stated by another 
group [6]. 
Since 1,5-hexadiene was formed in the experiments that were done in this research 
project in appreciable amounts, and since the experimental conditions were similar 
between this research project and those of reference [1], also as there was the 
incomplete oxygen consumption based on the calculated conversions, it is possible 
that 1,5-hexadiene was indeed produced in the experiments that have been done in 
reference [I], but it might not have been detected, especially as the oxygen provisions 
were small as shown in Figure 6-1. In fact 1,5-hexadiene was observed for the first 
time in this research by a mass spectrometer, it was not initially picked up by the gas 
chromatograph. 
It is possible to recalculate the amount of 1,5-hexadiene that would have been 
produced from the data of reference [1]. If the oxygen conversion is assumed to be 
100%, and the remaining part of oxygen, which was not included in the formation of 
the other products, is assumed to have been used in the formation of the 1,5- 
hexadiene. Then the formation rate of 1.5-hexadiene would be obtained from the 
following equation: 
rHex =IN 02 
(100- c 
02 
50 
Where: 
rH,, : Formation rate of 1,5-hexadiene, moles/min. 
N 02 : Rate of oxygen provision, moles/min. 
COI : Oxygen conversion, from Table 5-2. 
(5-2) 
It is possible to recalculate the products selectivities and compare them to those of 
this work. Figure 6-7 shows the recalculated selectivities compared with those found 
in this work. 
Although the values of the calculated selectivities from [1] don't exactly match those 
found in this work, they are close to each other and they have the same trends. The 
selectivity of 1,5-hexadiene tends to decrease with increasing oxygen provision, 
while acrolein shows a small rise and carbon dioxide a larger increase with increasing 
oxygen provision. The case was different when the selectivities from this work are 
con-1pared with the reported selectivities 
from Tsunoda, et al [1] as shown in Figure 
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6-3. From this evidence it is possible that 1,5-hexadiene was not identified in the 
work by Tsunoda, et al [I]. 
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6.3 Surface Morphology 
Scanning electron micrographs for the Au(Agl4.2)/ CaSZ cell before and after being 
used in the electrochemical experiments are shown in Figure 6-8a and 6-8b, 
respectively. It appears from Figure 6-8a, that before using the cell in electrochemical 
experiments the Au(Agl4.2) surface was rather porous and the size of the pores was 
approximately 1.0 gm. Figure 6-8 b shows the surface morphology of the 
Au(Ag 14.2) electrode after electrochemical experiments. It appears that the porosity 
has decreased due to some sintering. The solid electrolyte surface is not visible. 
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Figure 6-8a: Scanning Electron Micrograph for the An/ CaSZ before us in electrochemical 
Figure 6-8a: Scanning Electron Micrograph for the Au/ CaSZ after us in electrochemical studies 
at 450'C 
The surface of the Ag/CaSZ before being used in catalytic and electrocatalytic 
studies is shown in Figure 6-9a. It appears from the micrograph that the surface 
consists of large grains of silver with small porosity. The surface has changed slightly 
after use in the electrocatalytic studies at 450'C as appears in Figure 6-9b. Slight 
crystallisation has occurred, and the porosity has decreased. 
Figure 6-9a: SEM image of the surface of the Ag anode before reaction 
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Figure 6-9b: SEM image of the surface of the Ag anode after reaction at 450*C. 
6.4 Conclusions 
1. From the results of this work it can be concluded that adopting the conditions 
employed in this work, Au(Ag)/CaSZ is active for the partial oxidation of 
propene. Au(Ag)/CaSZ was more selective for acrolein production than 
Ag/CaSZ due to the fact that the Au surface is pure, but contains Ag 
impurities. Since Au is inert for such reactions, it serves as a separator to Ag 
particles, enhancing the possibility of an oxygen insertion and further 
hydrogen abstraction from the allylic intermediate to form acrolein. 
2. Acrolein formation might be promoted by oxygen adsorbed molecularly on 
silver surfaces, whereas 1,5-hexadiene formation is promoted by oxygen 
species adsorbed atomically on silver surface. 
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7. Partial oxidation of Propene Using Bismuth Molybdate 
Catalyst supported on Ag/CaSZ 
Idol and Veatch [ 1,21 were the first to report that bismuth molybdate catalysts are 
effective in the selective oxidation of propene to acrolein in the early 1960s. It 
replaced cuprous oxide as the catalyst of choice. It was also noted that bismuth 
molybdates could be used to effect the conversion of propene-ammonia mixtures to 
acrylonitrile [7,8]. 
Acrolein has a commercial importance as an intermediate for acrylic acid production. 
In 2000 acrylic acid production demand in the United States alone was more than 
1,300,000 t/yr [9] with a world wide capacity approaching 2,100,000 t/yr. 
Approximately 0.75 kg of acrolein is required to produce 1 kg of acrylic acid. Due to 
this commercial importance, the mechanism of acrolein production from propene has 
been the subject of considerable research. In contrast to the movement of industrial 
practice toward increasingly complex multicomponent catalysts, research efforts have 
been focused primarily on binary oxides of bismuth and molybdenum. Bismuth 
molybdate catalysts used in research behaved in very much the same manner as 
industrial catalysts. However, they are much easier to prepare reproducibly and to 
characterize than their multicomponent industrial counterparts. 
In the bismuth molybdate system there are three catalytically active phases [3]: 
(x-Bi2(MO04)3, P-Bi2MO209, and y-Bi2MO06- It is quite difficult to obtain a 
compound where only one of these phases is present in pure form. While the activity 
of these phases may vary, the mechanism for the oxidation of propene appears to be 
the same in all cases. Indeed, even catalysts composed of entirely different metal 
oxides seem to exhibit catalytic mechanisms for the partial oxidation of propene 
which are very similar to that which is characteristic of the bismuth molybdate 
system [4,51. The generally accepted mechanism of selective oxidation of propene to 
acrolein starts [10] with the formation of an allylic intermediate via (X-hydrogen 
abstraction from propene 
in the rate-determining step (Figure 7-1). This intermediate 
undergoes a further hydrogen abstraction, then 
0 insertion to form acrolein. 
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Figure 7-1: Selective oxidation of propene to acrolein [10]. 
, y-Phase bismuth molybdate catalyst was employed in this research project because it 
is the most active and selective one amongst the three phases for the partial oxidation 
of propene to acrolein [6]. 
In this chapter the results of catalytic and electro catalytic experiments are discussed. 
y-Bi2MO06was deposited on top of silver electrodes similar to those employed in the 
previous two chapters. Experiments were conducted using two different methods of 
oxygen supply, i. e. as molecular oxygen co-fed with propene in the gas phase, and as 
oxygen anions through electric potential application across the electrochemical cell. 
Experiments were performed, as in the previous chapter, at two different 
temperatures, 450'C and 500'C. 
7.1 Effect of the Method and Sequence of Oxygen Provision on the 
Reaction Product Selectivities 
In these experiments two electrochemical cells of the forin: Air, 
AgHCaSZ//Ag/BiMo, C3H6, Ar were employed. Cell (1) had 83.1 mg of BiMo 
catalyst deposited on top of the silver electrode. The sequence of experiments for this 
cell was that runs using gas phase oxygen co-fed with propene were performed first 
followed by experiments using electrochemical oxygen. The total flowrate of propene 
and the carrier stream was about 32.0 ml/min at 25'C and atmospheric pressure. The 
range of oxygen provision for the gaseous provision experiments was between 0.7 to 
5.0 ýtmole/min. The range of voltage application for the electrochemical provision of 
oxygen was between 1.0 to 10.0 volts, which corresponded to 0.6 to 4.0 Pmole 
OVmin. The propene mass flowrate was about 444.0 ýimole/min. Operating 
temperature was 450'C. The results are presented in Figures 7-2 and 7-3. The 
propene and oxygen conversions were calculated 
based on the three detected C 
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products, namely: acrolein, 1,5-hexadiene, and carbon dioxide taking into account the 
water that comes as a by product from these three reactions. It appears from Figure 
7-2, that there is more than 100% oxygen consumption using both methods of oxygen 
provision. It should be stressed that the order of experiments were in sequence from 
the lowest oxygen provision rate to the highest. The experiments were carried out 
continuously so that the oxygen supply was increased in steps without any 
interruption in flow. This means that the cell and the catalyst were potentially ageing 
as each experiment at a higher current or oxygen provision rate was carried out. 
When the oxygen was provided in the gas phase the oxygen consumption declined 
from 140% to 120% as the oxygen provision was increased as shown in Figure 7-2. 
In the second set of experiments, when oxygen was provided electrochemically 
across the cell, the oxygen conversion declined from approximately 140% to 90%. 
The oxygen provision was calculated from Faraday's law. 
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Figure 7-2: Conversions of propene and oxygen as functions of the oxygen provision. Cell (1): 
83.1 mg BiMo on Ag/CaSZ. Open symbols: gas phase oxygen. Closed symbols: 
electrochen-tical oxygen 
At the onset of the experiments and up to 2.0 [tmol/min of oxygen provisions, the 
oxy, c-, Y, en consumption was the same for both methods of oxygen provisions. As the 
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amount of oxygen provided increased, and concurrently the time on stream increased, 
the oxygen consumption decreased for both methods of oxygen provision, but by 
different amounts. At about 3.5 gmol/min of oxygen provision, the calculated oxygen 
consumption using the method of "pumped" oxygen was about 16% lower than that 
of the method of gas phase oxygen provision. In the case of co-feeding gaseous 
oxygen with propene, the amount of oxygen gas provided was controlled manually, 
and the control was limited by the flow to the reactor. Any oxygen supplied from the 
lattice of the solid electrolyte, from the silver electrode, or from the BiMo catalyst 
was not accounted for. That might be the reason for the observation that the amount 
of oxygen that was consumed in the method of di-oxygen provision was greater than 
that provided and the percentage of oxygen consumption using gas phase oxygen 
provision was higher than that of electrochemical oxygen provision. 
Propene oxidation in the absence of gaseous oxygen has been studied [ 14] on 
unsupported BiMo at 450 and 550'C. It was found that propene is oxidised by the 
lattice oxygen of the BiMo catalyst. The product was acrolein with selectivity of 
about 80% and was nearly independent of temperature. 1,5-hexadiene was not 
produced in the temperature range that was used. The time of reaction or the 
reduction time of the catalyst was 10 minutes. At 450'C, the initial conversion of 
propene was about 35% and this decreased in a couple of minutes to about 18% and 
remained nearly constant for the rest of the ten minutes reduction time. At 550'C the 
propene conversion was about 50% and showed no dependence on the reduction time 
throughout the ten minute experiment. 
Temperature programmed reduction (TPR) was used [15] to estimate the amount of 
oxygen in y-Bi2MO06catalyst. It was found that y-Bi2MO06contains 9.84x 10-3 Mol_ 
O/gm. Using cell (1) the total amount of excess oxygen that was used in producing 
the three detected products in addition to the by product water using the two methods 
of oxygen provision is estimated to be 7.5 1XIO-3 mol O/gm (see Appendix A. 2). 
According to these calculations it is possible that about 76% of the oxygen in the y- 
Bi')M006 catalyst was permanently removed and participated in the propene 
oxidation. It should be noted that this does not include the possible supply of oxygen 
from the CaSZ membrane or the silver electrode. 
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Aykan [ 16] used (x-Bi2(MO04)3 to react propene and ammonia in the absence of 
gaseous oxygen. He found that metallic bismuth, Bio, and MoO, ) are the final 
reduction products. If it is assumed that similar final reduction products would be 
obtained for the catalyst (which is supported by SEM and EDS analysis, see pages 
162 and 173) used in this work, y-Bi2MOO6, then the catalyst would be reduced by 
67% which is in the same range estimated in the present case (76% - assuming the 
excess oxygen came from the catalyst). 
Propene conversion measurements showed similar behaviour to oxygen consumption. 
At lower rates of oxygen provisions, propene conversions were almost the same for 
both methods of oxygen provisions, but when oxygen provision increased, the 
propene conversion using the gaseous oxygen provision became higher than that 
using electrochemical oxygen provision, as it is apparent from Figure 7-2. That 
seems logical, since more oxygen was provided in the presence of a large excess of 
propene, this lead to more consumption of propene and hence the propene conversion 
proved to be higher. 
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Figure 7-3: Effect of the method of oxygen provision on the selectivities of reaction products. 
83.1 mg BiMo/Ag/CaSZ. 450'C, di-oxygen provision was first. Closed symbols: 
electrochemical oxygen. Open symbols: molecular oxygen 
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Figure 7-3 presents the calculated selectivities of the reaction products using both 
methods of oxygen provision. It is noticed that the selectivity of acrolein is not 
affected significantly by the type of oxygen provision even though there appears to 
be a lower acrolein selectivity at low oxygen provisions using electrochemical 
oxygen. 
Acrolein selectivity using gas phase oxygen increases with increasing oxygen 
provision until it reaches the level that was observed for the method of 
electrochemical oxygen supply. 1,5-hexadiene selectivity in contrast to that of 
acrolein decreases with increase in the oxygen provision when gas phase oxygen is 
employed. C02 selectivity increases slightly with the increase in the oxygen 
provision, and it behaves almost similarly in both cases of oxygen provision. This 
behaviour of selectivity forC02was similar to that observed when bare silver paint 
was used (Chapter 5). 
Using electrochemical oxygen provided a relatively stable selectivity for acrolein was 
observed. In the case of 1,5-hexadiene, the selectivity declined with increasing 
oxygen provision for both gas phase and electrochemical supply. The selectivity for 
1,5-hexadiene using electrochemical oxygen was approximately half of that observed 
in the case of gas phase oxygen. 
Experimental conditions for cell (2) were similar to those of cell (1). The total flow 
rate was about 32.0 ml/min. propene mass flow rate was 445 gmole/min. Gaseous 
oxygen provision was between 0.3 to 6.0 gmole/min. The applied voltage was 
between 2.0 to 13.0 volts, which corresponded to 1.0 to 4.5 ýtmole02/min. The 
sequence of the experimental runs for cell (2) was the opposite of that of cell (1). The 
method of electrochemical oxygen provision was employed before the method of 
gaseous oxygen provision. However it should be emphasised that the amount of 
BiMo catalyst on cell (2) was 187 mg, which is more than double that used with cell 
(1), which was 83.1 mg deposited on top of the Ag electrode. 
A different behaviour was observed for cell (2). Figure 7-4 presents the oxygen and 
propene conversions for cell (2). It is apparent that there is total oxygen consumption 
of the provided oxygen In producing the three detected products under 
electrochernical oxygen supply conditions. In contrast, the method of di-oxygen 
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provision showed partial consumption of the provided oxygen in producing the 
detected products. 
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Figure 7-4: Conversions of propene and oxygen as functions of the oxygen provision. 450'C. Cell 
(2): 187.5 mg BiMo on Ag/CaSZ. Open symbols: gas phase oxygen. 
Closed symbols: electrochemical oxygen 
The oxygen consumption was 70% on average and it showed little dependence on the 
amount of oxygen that was provided. The calculated propene conversion to the 
detected products showed different behaviour. The calculated propene conversion 
increased nearly linearly with increasing amount of oxygen provided, but when the 
method of di-oxygen provision was applied after the method of electrochemical 
oxygen supply, the amount of propene that was used to produce the three detected 
products was lower for the di-oxygen provision. The decrease in propene 
consumption was about 50% on average for the range of oxygen provisions that was 
used. 
Figure 7-5 presents selectivities for the reaction products for both cases of oxygen 
provision, electrochemical and gas phase. 
When electrochemical oxygen was 
employed the acrolein selectivity 
increased slightly with oxygen provision, while that 4: ) 
of 1,5-hexadiene decreased. 
CO-) selectivity increased with the increase in the oxygen 
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Figure 7-5: Effect of the method of oxygen provision on the selectivities of reaction products 
187.5 mg BiMo/Ag/CaSZ. 450'C, electrochemical oxygen was first. Closed symbols: 
electrochemical 02- Open symbols: di-oxygen. 
provision. After these electrochemical experiments were finished, the same cell 
(cell(2)) was used again under the same reaction conditions, whereby oxygen was co- 
fed with propene as gaseous oxygen. As it is apparent from Figure 7-5, the selectivity 
of acrolein dropped significantly. It dropped from ca 65% for electrochemical oxygen 
provision to ca 20% for gaseous oxygen provision. The selectivity of 1,5-hexadiene 
behaved in the opposite way, it increased significantly when gaseous oxygen was 
used immediately after the use of the electrochemical oxygen. 
The increase in 1,5-hexadiene selectivity was 57% on average. It appears that this 
catalyst became more selective for CO-) when gaseous oxygen was used after the 
electric voltage application. The CO-, ) selectivity increased by about 65% on average 
over the range of oxygen provision that was used. 
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It is appropriate to compare the behaviour of the two cells with each other. Cell (1) 
which had 83.1 mg BiMo catalyst and the sequence of experimental runs on it was 
that, a series of runs using the method of gaseous dioxygen provision followed by a 
series of experimental runs using the method of electrochemical oxygen provision. 
Cell (2) which had 187.5 mg of BiMo catalyst and the sequence of experimental runs 
for it was that, a series of runs using the method of electrochemical oxygen was 
followed by a series of experimental runs using the method of gaseous dioxygen 
provision. 
Figure 7-6 shows the comparison between the two cells with respect to the calculated 
propene and oxygen conversions based on the amounts of the three detected products 
(C31-140., C6Ho, C02) (including the by-product water) using the method of dioxygen 
provision. It is apparent that more oxygen and propene converted to the three 
products using cell (1) than using cell (2). 
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Figure 7-6: Conversions of propene and oxygen as functions of the oxygen provision, 450'C. Gas 
phase oxygen provision. Cell (1): 83.1mg BiMo on Ag/CaSZ. Cell (2): 187.5 mg 
BiMo on Ag/CaSZ- Open symbols: oxygen conv. Closed symbols: propene conv. 
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The oxygen consumption using cell (2) was about 35% lower than that obtained 
using cell (1). Propene conversion for cell (2) was about 50% lower than that 
obtained using cell (1). This could be attributed to the electrical voltage that was 
applied to cell (2) having caused some structural changes and reduction to the 
catalyst surface. 
Figure 7-7 presents the selectivities for the reaction products using both cells. There 
are considerable differences in the behaviour of the two cells. Acrolein selectivity for 
cell (1) is greater than that of cell (2) by a factor of about 2. While the selectivity of 
1,5-hexadiene for cell (1) is lower than that of cell (2) by a factor of 2. There is an 
increase also observed in the selectivity0f C02for cell (2). 
90 
80 
70 
60 
50 
(D 
U) 40 
1-0 
30 
20 
10 
0 
Figure: 7-7: Comparison of the behaviour of the two cells. Gaseous oxygen provision. 450'C, 
Closed symbol: cell (1) 83.1 mg BiMo/Ag/CaSZ. Open symbol: cell (2) 187.5 mg 
BiMo/Ag/CaSZ 
Figure 7-8 shows the comparison between the two cells with respect to the calculated 
propene and oxygen conversions 
based on the amounts of the three detected products r-I 
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(C3H40, C6H, O, CO2) including the corresponding by-product water using the method 
of electrochemical oxygen supply. It is worth mentioning here that cell (1) had a 
series of runs using dioxygen provision co-fed with propene in the gas phase prior to 
the runs using the method of electrochemical oxygen provision. Cell (2) was 
employed directly in the electrochemical runs without any prior use of the method of 
gaseous oxygen provision. In spite of the previous experiments that were done on cell 
(1), the calculated conversions of both propene and oxygen toward the three detected 
products were fairly similar for both cells and behaved in a similar manner too, i. e. 
both cells showed total conversion of oxygen calculated from the amounts of the 
detected products, and the amount of the calculated consumption of propene using 
both cells increased nearly linearly with increased oxygen provision. 
Figure 7-9 presents the selectivities of the detected products for both cells using the 
method of electrochemical oxygen. From the figure it is apparent that the two cells 
behaved similarly, even though at low oxygen provisions the selectivity of acrolein 
using cell (1) was slightly higher than that of cell (2), but as the amount of oxygen 
provided increased, both cells showed similar acrolein selectivity. A similar 
observation could be made regarding the 1,5-hexadiene selectivity, at the onset of the 
experimental runs and at low oxygen provisions, cell (2) showed slightly higher 
selectivity for 1,5-hexadiene than cell (1), but as the time on stream and the amount 
of oxygen provided increased, the C61-110 selectivity using cell (2) decreased until 
both cells showed similar C61-110 selectivity. It is apparent from the graph that both 
cells show a similar selectivity for C02- 
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Figure 7-8: Conversions of propene and oxygen as functions of the oxygen provision. 450'C. 
electrochemical oxygen provision. Cell (1): 83.1mg BiMo on Ag/CaSZ. Cell (2): 
187.5 mg BiMo on Ag/CaSZ. Open symbols: oxygen conv. Closed symbols: 
propene conv. 
One might attribute the difference in the behaviour of the two cells when the method 
of gaseous dioxygen was used to the difference in the catalyst quantities that these 
two cells had. Cell (1) had 83.1 mg of BiMo catalyst while cell (2) had 187.5 mg of 
BiMo catalyst. If this was the case, one would expect a similar difference when the 
method of electrochemical pumping of oxygen was used, but as the results of this 
work showed, these two cells behaved in a similar manner regardless of the 
difference of the amount of catalyst used. Hence there must be a different reason for 
such observed different behaviours of the two cells. 
Cell (2) showed incomplete consumption of oxygen towards the three detected 
products. Oxygen conversion was 70% on average. Under the high excess of propene 
(C3H6/0-) ratio ranged from 73 to 1500) and at such high temperature, 4500C, it is 4- zn 
unlikely that oxygen would not be totally consumed. 
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mg BiMo/Ag/CaSZ 
It is likely that the potential application to cell (2) prior to the experiments using the 
method of gaseous dioxygen provision has caused major changes to the surface of the 
BiMo catalyst. This change decreased the catalyst activity, since the calculated 
conversion of propene decreased (Figure 7-6), and the selectivity towards acrolein 
also decreased (Figure 7-7). Propene oxidation is generally believed to be initiated on 
BiMo catalysts by methyl hydrogen abstraction. In the current situation, where the 
surface of the BiMo catalyst has been exposed to electrical potentials, major 
structural changes have occurred (see Page 158) which hinder a second hydrogen 
abstraction and oxygen insertion to yield acrolein. 
Two explanations may be considered: 
I -Oxygen that was not accounted 
for (oxygen balance) by the three detected products 
was used in a reaction with propene to produce a partial oxidation product, which 
was not detected. This possibility is unlikely, because there are three series of 
experimental runs which were conducted under the same experimental conditions, 
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two of them used the method of electrochemical oxygen provision and one used the 
method of gaseous dioxygen provision and all of the three series showed total 
consumption of the provided oxygen towards the three detected products only. 
Furthermore, a mass spectrometer was used to scan the exit gases from the reactor 
and no other mass peaks were detected. 
2-The second possibility is that, the oxygen provided contributes to the hydrogen 
abstractions from propene. This oxygen was provided in the gas phase and it has to 
undergo some transformations before it is incorporated in the reduced catalyst 
surface, see Figure 7-10. These types of oxygen between02 to 0 2- are electrophilic 
oxygen transient labile intermediates [I I]. These types of oxygen species are capable 
of electrophilic attack on an adsorbed alkene targeting the C-C bond [12]. 
Intermediates are formed which led to the degradation of the carbon skeleton under 
the heterogeneous catalytic reaction conditions. This finally would result in the 
formation of the total oxidation productsC02, and H20. 
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Figure 7-10: A schematic diagram shows oxygen incorporation in oxide structure from the gas 
phase. 
There is another class of oxygen species, which involves the structural or "lattIce 
2- 2- 
oxygen 0 and surface oxygen ions of low co-ordination, OLC . These 
ions are, in 
contrast to the previous mentioned oxytc:, )en species, regarded as nucleophilic reactants 
and capable of a nucleophilic insertion into the activated hydrocarbon molecule 
(allylic intermediate). This insertion would result in the formation of an oxygenated 
product (acrolein). Bielanski and 
Haber [11] describe the nucleophilic route as 
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follows: A cation on the catalyst surface acts as oxidising agent in some of the 
consecutive steps of the reaction sequence, forming the activated hydrocarbon 
species. A nucleophilic attack by lattice oxygen results in oxygen insertion into this 
activated species. The now oxygenated product desorbs from the surface leaving 
oxygen vacancies at the surface of the catalyst. These vacancies have to be filled with 
oxygen from the gas phase, simultaneously reoxidising the reduced cations. 
In the case of cell (2), the catalyst surface was highly reduced because of the 
electrical potential application and the concentration of lattice oxygen, 02- , and the 
surface ions, OLc 2- , became very low. Hence there was a possibility for the allylic 
intermediates to combine to form 1,5-hexadiene or to undergo a successive hydrogen 
abstractions by the electrophilic oxygen intermediates to form deposited carbon on 
the catalyst surface and water which might have desorbed from the surface of the 
catalyst. It was unfortunate, that water was difficult to be measured in these 
experiments due to the lack of the necessary equipment. The latter possibility is 
supported by the fact that incomplete conversion of provided oxygen towards the 
detected products was observed for cell (2) using gaseous dioxygen provision, which 
suggests that the remaining oxygen went to desorbed water. Since under the reaction 
conditions, there was a limited amount of oxygen available whereas an abundance of 
propene was present, part of the allylic intermediates that were formed were 
decomposed to be deposited as carbon on the surface of the catalyst and since there is 
shortage of oxygen provided, it was not possible to reoxidise this deposited carbon 
towards the total oxidation products, CO, andC02. It is clear from Figure 7-7 that at 
lower oxygen provisions a similar selectivity forC02was observed for both cells (1) 
and (2), but when oxygen provision was increased, cell (2) showed higher C02 
selectivity than cell (1). A similar conclusion was reached by Ranney and Bare [13] 
who studied the adsorption and reaction of propene on oxygen covered Ag (110) 
surface. They found that with increasing propene coverage on the Ag oxygen pre- 
covered surface the water yield increases and the yield of carbon dioxide decreases, 
indicating that water formation through hydrogen abstraction consumes the bulk of 
the oxygen at higher propene coverages. They also found that H20 desorption occurs 
at lower temperatures than C02 desorption, from which they inferred that hydrogen 
from propene reacts with the oxygen first, and any remaining oxygen reacts with 4: ) 
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surface carbon formingC02. They noticed that when sufficient oxygen is present a 
lower temperature forC02desorption is observed. 
Figures 7-11 show the scanning electron micrographs for the BiMo/Ag/CaSZ system. 
Figure 7-11 (a) shows the surface after calcining and before any catalytic or electro 
catalytic runs. The underlying CaSZ solid electrolyte structure is not apparent, but the 
grains of the Ag electrode can be seen. The picture shows the presence of micro 
pores of approximately 3grn diameter in the Ag electrode. On top of the Ag electrode 
appears the y-Bi2MOO3 catalyst, which has a needle type morphology. Considerable 
changes to the surface of the electrochemical cell (1) have happened after the series 
of catalytic and electro catalytic runs as shown in Figure 7-11 (b). The needle shape 
crystals of the y-Bi2MOO3 catalyst have disappeared and have been replaced by 
spherical white particles. A similar change was noticed on cell (2) (Figure 7-11 (c)). 
The changes that occurred to cells (1) and (2) during the catalytic and electro 
catalytic runs might be attributed to the total reduction of the catalyst. The presence 
of spherical particles indicates that bismuth oxide has been reduced to the bismuth 
metal, which is liquid at reactor temperature. 
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Figure 7-11 (a): SEM image of the 100mg BiNIo/Ag/CaSZ system without use in the catalytic and 
electro catalytic experiments. 
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Figure 6-11(b): SEM image of the 83.1 mg BiMo/Ag/CaSZ system, cell (1), after catalytic and 
electrocatalytic experiments. 
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Figure 6-11 (c): SEM image of the 187.5 mg BiMo/Ag/CaSZ system, cell (2), after electro 
catalytic and catalytic experiments. 
7.2 Effect of temperature on the behaviour of the electrochemical 
cell. 
Two electrochemical cells were used in order to investigate separately the difference 
between the method of gaseous dioxygen provision and the method of 
electrochemical oxygen provision at 500'C. Cell (3) had 371 mg of 7-Bi2MOO3 on 
top of silver electrode that was deposited on top of CaSZ solid electrolyte. This cell 
was used for the method of electrochemical oxygen provision. Cell (4) had 354 mg of 
7-Bi2MO03on Ag electrode that was deposited on top of CaSZ solid electrolyte. This 
cell was used to study the effect of gaseous dioxygen co-fed with propene on the 
reaction product distribution. 
7.2.1 Cells Behaviour at 500'C 
Figure 7-12 presents the oxygen and propene conversion using cells (3) and (4). It is 
apparent that both cells had similar calculated oxygen conversions towards the 
detected products i. e. acrolein, 1,5-hexadiene, and carbon dioxide. The consumption 
of oxygen towards the detected products was incomplete. 
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Figure 7-12: Conversions of propene and oxygen as functions of the oxygen provision. 500'C. 
Closed symbols: Cell (3), 371mg BiNIo on Ag/CaSZ. Electrochemical oxygen. Open 
symbols: Cell (4): 354 mg BiNlo on Ag/CaSZ. Gaseous di-oxygen provision. 
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At the lowest oxygen provision of about 2.0 gmol/min the oxygen conversion for 
both cells was about 87%. The oxygen conversion towards the detected products 
decreased for both cells with increasing the amount of oxygen provided. At about 8.0 
ýtmol/min oxygen provision, the oxygen consumption decreased to about 76%. In 
contrast propene conversion was for the two cells. Cell (3), which was used with 
electrochemical supply of oxygen, showed more propene conversion towards the 
detected products. Propene conversion using cell (3) was about 50% more than that 
observed using the method of gaseous dioxygen supply for cell (4). The propene 
conversion increased with increasing oxygen provision for both cells. 
Figure 7-13 presents the selectivities of the three detected products using both cells. 
It appears that both cells and hence both methods of oxygen supply turned to be not 
very selective for acrolein production. Cell (4) gave an average selectivity of acrolein 
of about 30%, while cell (3) showed only 13% on average. Both cells showed 
independency of acrolein selectivity on the amount of oxygen provision. 
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Figure 7-13: Effect of the method of oxygen supply on the products selectivities, BiMo/Ag/CaSZ. 
50'C, cell (3): electrochemical 0,: 371 mg BiMo, cell (4): gas phase 02: 354mg 
BINIO Closed symbol: cell (3) Open symbol: cell (4) 
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y-Bi2MOO3 is a well known selective catalyst for acrolein production, however when 
deposited on Ag electrodes and operating at 500'C the selectivity to acrolein reduced. 
Contrary to the selectivity towards acrolein, the selectivity towards 1,5-hexadiene 
was greatly enhanced on BiMo/Ag/CaSZ using both methods of oxygen provision at 
500'C. The selectivity0f C6HIO using both methods of oxygen provision decreased 
with increasing the amount of oxygen provided. It is evident that at 5000C, the 
method of electrochemical provision is more selective f6rC6HjO than the method of 
gaseous dioxygen provision. The C6HjO selectivity using electrochemical oxygen 
provision was about 1.5 times that of using gaseous dioxygen provision. Using both 
cells, carbon dioxide selectivity slightly increased with increasing the amount of 
oxygen provided. The method of gaseous dioxygen provision using cell (4) showed a 
factor of 1.5 higher C02 selectivity than the method of electrochemical oxygen 
provision using cell (3). 
At 5000C the method of electrochemical oxygen provision promotes the formation of 
C6HjO, and suppresses the formationOf C02 andC3H40- Since oxygen consumption 
was similar using both methods, but the electrochemical method consumed more 
propene, then it might be suggested that the electrochemical provision generates 
some oxygen species, which are different from those generated using the gaseous 
dioxygen provision, and these species are capable of transforming propene into the 
allylic intermediate. Due to the shortage of oxygen present, these allylic 
intermediates had no choice but to combine and give rise to 1,5-hexadiene as shown 
in Figure 7-13. 
SEM pictures of cells (3) and (4) are shown in Figure 7-14. Although the behaviours 
of the two cells were not that different, the morphology of the two cells is. Cell (3) 
showed agglomerated (possibly spherical) particles and macro porosity. 
Cell (4) shows a smoother surface with very small pores, its structure is not dissimilar 
to the fresh catalyst shown in Figure 7-11 a. This might indicate that the catalyst is not 
as highly reduced as in the electrochemical case and hence give rise to a higher 
selectivity for acrolein than cell (3). The Ag electrode is not visible due to the large 
quantity of catalyst material that was used with both cells. 
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Figure 7-14 (a): SEM image of the 371mg BiMo/Ag/CaSZ system, cell (3), after electro catalytic 
reaction using electrochemical oxygen provision. 
Figure 7-14 (b): SEM image of the 354 mg BiMo/Ag/CaSZ system, cell (4) after catalytic reaction 
using gaseous dioxygen provision. 
166 
7.2.2 Effect of Temperature using Gaseous Dioxygen Provision 
Since cell (1) was used first with gaseous di-oxygen provision, its behaviour is 
compared to that of cell (4). Figure 7-15 presents the oxygen and propene 
conversions for cells (1) and (4). It is clear that there is considerable difference 
between the two cells regarding oxygen consumption. Cell (1) consumption of 
oxygen was about 1.7 times that of cell (4). There was a closer agreement between 
the two cells regarding propene conversion. 
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Figure 7-15: Conversions of propene and oxygen as functions of the oxygen provision. 
BiMo/Ag/CaSZ. Gaseous dioxygen provision. Closed symbols: Cell (1), 83.1mg 
BiMo. 450'C. Open symbols: Cell (4): 354 mg BiMo. 500*C. 
Figure 7-16 compares the products selectivities using the same two cells (I & 4). It is 
clear that cell (1) is more selective to acrolein than cell (4) and less selective to both 
hexadiene and carbon dioxide. Acrolein selectivity using cell (1) was about twice that 
obtained using cell (4). Hexadiene selectivity using cell (1) was about half that 
obtained using cell (4). Both cells showed similar selectivities to carbon dioxide at 
low oxygen provision, but when the oxygen provided increased cell (4) became more 
selective to CO-, than cell (1). In conclusion, when the temperature was increased 
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from 450 to 5000C the BiMo/Ag/CaSZ system became less selective to acrolein by 
about 50%, and more selective to 1,5-hexadiene by approximately 100%. 
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Figure 7-16: Effect of temp. on the products selectivities. Oxygen is provided in the gas phase. 
BiMo/Ag/CaSZ. Closed symbols: cell (1), 83.1 mg BiMo, 450'C. Open symbols: cell 
(4), 354 mg BiMo, 500'C. 
7.2.3 Effect of Temperature using Electrochemical Oxygen Provision 
The behaviour of cell (2), which was first used in the investigation of the method of 
electrochemical oxygen supply at 450'C is compared to the behaviour of cell (3), 
which was tested by the method of electrochemical oxygen supply at 500'C. 
Figure 7-17 presents the oxygen and propene conversions for cells (2) and (3) using 
the method of electrochemical oxygen supply. It is apparent that cell (2) using the 
electrochemical oxygen supply at 450'C had total consumption of the provided 
oxygen, whereas cell (3) showed incomplete consumption of the provided oxygen to 
the detected products using the method of electrochemical supply at 500'C. Cell (3) 
showed only 70% oxygen consumption on average. Both cells showed relatively 
stable oxygen consumption with increasing amount of oxygen provided. 
While cell (2) showed higher consumption of oxygen, cell (3) showed higher 
conversions of propene even though it consumed less amounts of oxygen. The Z71 
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calculated propene conversion to the three detected products using cell (3) was about 
1.8 times that using cell (2). Propene conversion using both cells increased with 
increasing the amount of oxygen provided. 
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Figure 7-17: Conversions of propene and oxygen as functions of the oxygen provision. 
BiMo/Ag/CaSZ. Electrochemical oxygen supply. Closed symbols: Cell (2), 187.5 mg 
BiMo, 450'C. Open symbols: Cell (3): 371 mg BiMo, 500'C. 
Figure 7-18 presents the product selectivities using both cells (2) and (3). Using the 
method of electrochemical oxygen provision at 450'C, the BiMo/Ag/CaSZ system 
was selective to acrolein. Acrolein selectivity was about 70% and was little affected 
by the increase of oxygen supply. When the temperature increased to 500'C the 
acrolein selectivity using the same system decreased sharply to about 10% and was 
also not affected by the increase in the oxygen provision. 1,5-hexadiene was contrary, 
at 450'C cell (2) gave a relatively high selectivity forC6HIO at low oxygen provision 
and exhibited a decrease in selectivity with increasing oxygen provision. When the 
temperature was increased to 500'C, C6HjO selectivity increased sharply to about 
77% and showed a decreasing trend with increasing oxygen supply. It was also 
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noticed that when the temperature was raised from 450'C to 500'C, the system 
became a little bit less selective toC02 and both cells showed an increasing trend in 
C02 selectivity with increasing amount of oxygen provided. The sharp increase in 
C6HjO selectivity when the temperature was raised from 450 to 500'C, explains the 
increase in propene conversion upon increasing temperature, sinceC6HjO production 
would consume double the amount that is used in acrolein production from propene. 
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Figure 7-18 Effect of temp. on the products selectivities. Oxygen is provided through pumping. 
BiMo/Ag/CaSZ. Closed symbols: cell (2), 187.5 mg BiMo, 450'C. Open symbols: 
cell (3) 371 mg BiMo, 500'C. 
From the results that are presented so far, it appears that 'Y-Bi2MO06//AgHCaSZ is an 
active and selective catalyst for propene oxidation towards acrolein only at the lower 
temperature of 450'C for both methods of oxygen provision, provided that the cell 
has no previous history of treatment. When the cell is treated first by electrochemical 
-pumping" of oxygen and then used in the method of the gas phase provision, the 
activity and selectivity towards acrolein are reduced greatly. Also for both methods 
of oxygen provision, increasing the temperature from 450'C to 500'C causes a 
reduction in the catalyst activity and selectivity towards acrolein. 
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7.3 Mechanism of Acrolein Formation Over BiMo Catalyst 
It is well documented [3,4,5] that unsupported BiMo catalysts are active and selective 
catalysts for propene oxidation. The Dual-Site Concept has been suggested [17,181 
for the mechanism of propene oxidation over BiMo catalysts. It has been proposed 
that the low valence cation (Bi) is responsible for propene activation. Haber and 
Grzybowska [18] have studied the kinetics of the catalyst reduction for (x-, P-, and y- 
bismuth molybdates using both hydrogen and propene as reductants. Because the 
coordination of molybdenum varies among the three phases, the energy of activation 
for reduction should also vary if the molybdenum and associated oxygens are directly 
involved. The results of hydrogen reduction follow this pattern, and they found the 
value of activation energy for reduction decreases in the order, 
(x-B12 (MO04) 3>P-Bi2MO209>, y-Bi2MOO6 
However, the reduction with propene showed no correlation with molybdenum 
coordination. This suggests that the bismuth centres were responsible for the 
adsorption of propene. 
Further evidence supporting the bismuth centre as a site of propene activation comes 
from the analysis of the rates of formation and product distribution of propene 
oxidation over bismuth oxide, bismuth molybdate, and molybdenum oxide. Bismuth 
molybdate is highly active and selective for the conversion of propene to acrolein. 
However the interaction of propene with its component oxides yielded very different 
results. Haber and Grzybowska [18], Swift et al. [19] and Solymosi and Bozso [201 
showed that in the absence of oxygen, propene is converted to 1,5-hexadiene over 
bismuth oxide with good selectivity and at high rate, whereas molybdenum oxide is 
known to be a fairly selective but a nonactive catalyst for acrolein formation. The 
formation of 1,5-hexadiene over bismuth oxide can be explained if the adsorption of 
propene on a bismuth site yields a n-allylic species. Two of these allylic 
intermediates can then combine to give 1,5-hexadiene. 
These observations suggest a reaction mechanism for bismuth molybdate catalysts 
where the allylic species is formed initially at a bismuth centre and then reacts 
further 
at a molybdenum site to produce acrolein. Thus, once the allylic complex 
is formed, 
the Moo polyhedra are highly active and selective for acrolein formation 
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From the results that were obtained in this work, the observed decline in acrolein 
selectivity may be attributed to a blockage of molybdenum sites. This blockage could 
have resulted from carbon deposition from propene. However, it is more likely that 
total reduction of the catalyst caused by electrical potential application has led to the 
formation of metallic bismuth not associated with molybdenum site (even perhaps 
covering molybdenum site). This bismuth metal in turn will promote the formation of 
large quantities of allylic intermediates similar to the silver electrode, yielding 1,5- 
hexadiene as the major partial oxidation product. Indeed, the analysis of the 
BiMoHAgHCaSZ surface using the Energy Dispersive Spectroscopy (EDS) before 
and after reaction (Figures 7-19) shows a decreased concentration of molybdenum 
after reaction, supporting the above argument. 
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Figure 7-19 a: EDS spectrum for BiMoHAg//CaSZ before reaction 
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Figure 7-19 b: EDS spectrum for BiMoHAg//CaSZ after reaction 
7.4 Conclusions 
1. Using electrochemical "pumping" technique proved to have an effect on the 
activity and selectivity of the y-Bi2MO06catalyst used in the partial oxidation 
of propene. At 450'C the electrochemical cell showed similar selectivities for 
acrolein, 1,5-hexadiene, and carbon dioxide using both methods of oxygen 
provision (sequence: gaseous dioxygen, followed by electrochemical oxygen). 
When the sequence was reversed i. e. the method of electrochemical supply of 
oxygen was used before the method of gaseous dioxygen provision, there was 
a considerable decrease in the activity and the selectivity of the catalyst 
noticed for the method of gaseous dioxygen. This big change might be 
attributed to the severe reduction of the catalyst, which is probably caused by 
high electrical potential application. 1: 5 
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2. The amount of catalyst does not seem to affect selectivities. 
3. When the method of gaseous dioxygen provision was used first, excess 
oxygen participated in the reaction. This excess oxygen could have derived 
from the lattice of the catalyst. 
4. The highly reduced state of the catalyst surface caused by the large electrical 
potential application reduces the concentration of nucleophilic species 
capable of a nucleophilic insertion into an activated hydrocarbon. 
Electrophilic oxygen capable of electrophilic attack on the C-C bond lead to 
the degradation of propene, and the formation of deposited carbon on the 
surface of the catalyst. 
5. 'A temperature increase from 450 to 500'C causes the y-Bi2MOO6 to be more 
selective towards 1,5-hexadiene 
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8. Conclusions and Recommendations for Future Work 
8.1 Conclusions 
1. It has been shown in this research work, that the solid electrolyte CaSZ is purely 
ionic conducting (100 % ionic efficiency) at 450 and 500'C over the range of 
applied electrical voltage from 1 to 10 Volts, which was readily determined by 
measuring the oxygen flow through the electrolyte (using Flux Response 
Technology) and comparing this to the calculated value derived from Faraday's 
law. 
2. A novel system for the production of gas mixtures containing precise amounts of 
oxygen at very low levels has been demonstrated. The measurement of the 
viscosity of such mixtures has been made and the viscosities of binary gas 
mixtures (He/02 and N2/02) are reported. At low oxygen partial pressures the 
viscosity of the gas mixtures (function of oxygen partial pressure) of both systems 
can be described by a simple linear correlation. This novel system uses a 
membrane reactor to allow very low flows of oxygen to be precisely measured 
and then introduced in excess of propene stream to investigate the catalytic partial 
oxidation process in a very lean stream. 
3. From the results of this work it can be concluded that Au(Agl4.2)/CaSZ (a 
gold/silver alloy) is active for the partial oxidation of propene. Au (Agl4.2)/CaSZ 
is more selective for acrolein production than Ag/CaSZ due to the fact that the Au 
surface contains Ag impurities, and, since Au is inert for such reactions, served as 
a separator between the Ag particles where the allylic intermediates are adsorbed. 
This enhances the possibility of an oxygen insertion and a further hydrogen 
abstraction due to the isolated nature of the allylic intermediate and possibly the 
adsorption of di-oxygen released at the three-phase boundary. Di-oxygen release 
might occur in the case of the Au/Ag alloy because simple back spill-over of 
atomically oxygen is hindered by the Au. 
4. Regardless of the method of oxygen provision, whether it was gaseous molecular 
oxygen co-fed with propene, or it was electrochemical oxygen, carbon 
dioxide 
was produced on Ag/CaSZ in relatively low selectivities (5-30%) compared to 
corresponding work found in literature, where CO-, selectivity approached 
95c/(-. 
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This is due to the very low02/C3H6 ratios employed in this work compared to 
most published work. 
5. Different selectivities were observed for propene partial oxidation products 
depending on the method of oxygen provision that was used. The method of 
gaseous molecular oxygen provision was more selective for acrolein formation, 
whereas the method of electrochemical oxygen provision was more selective 
towards 1,5-hexadiene formation. From these observations it may be concluded 
that the two methods of oxygen supply may cause different types of oxygen to 
participate in these reactions. 
6. Carbon dioxide production was hardly affected by the method of oxygen supply. 
That may be becauseC02 is formed via a different route in the mechanism of 
propene oxidation, which is not linked to the partial oxidation products. 
7. When the method of gaseous dioxygen provision was used, the ratio of the 
formation rates of acrolein and 1,5-hexadiene was not affected by the increase in 
temperature from 450 to 500'C. This could be explained if the activation energies 
for the formation of 1,5-hexadiene and acrolein were similar. Alternatively, it 
could be explained by a common rate limiting intermediate. When the method of 
electrochemical oxygen supply was used the formation rate of 1,5-hexadiene 
decreased slightly with increasing temperature in favour Of C02 formation 
whereas the acrolein formation rate stayed fairly constant. An explanation for this 
phenomenon could not be established. 
8. Employing electrochemical oxygen appears to affect the activity and selectivity 
of the y-Bi2MOO6 catalyst used in this work for the partial oxidation of propene. 
At 450'C the electrochemical cell showed similar selectivities for acrolein, 1,5- 
hexadiene, and carbon dioxide using both methods of oxygen provision 
(sequence: first gaseous dioxygen then electrochemical oxygen experiments). 
When the sequence was reversed i. e. electrochemical oxygen was used before 
gaseous dioxygen, a considerable decrease in the activity and the selectivity of the 
catalyst was noticed in the case of gaseous dioxygen supply. This significant 
change in catalyst activity might be attributed to severe reduction of the catalyst 
caused by the electrochemical oxygen supply. Scanning electron micrographs 
support this explanation. Electrochemical oxygen supply appears to permanently 
alter the structure and composition of the catalyst. The y-B12MOO6 essentially 
177 
degrades to Bi metal, which forms spheres on the surface of the Ag electrode. The 
Bi will in turn be able to facilitate back spill-over of atomic oxygen onto Its 
surface and hence promote the formation of 1,5-hexadiene. 
9. The amount of catalyst supported on the Ag electrode does not affect activity and 
selectivity since cells with varying amount of catalyst showed similar results. 
10. When gaseous dioxygen was provided first, an oxygen balance suggested excess 
oxygen to participate in the reaction. This excess oxygen might have come from 
the lattice of the catalyst. 
8.2 Recommendations for further work 
1. Using novel low temperature electrolytes such as Ce stabilised Ga this work 
should be repeated in a regime where true kinetic parameters could be determined 
i. e. not oxygen limited. This would substantiate some of the conclusions made 
here. 
2. Electron paramagnetic resonance (EPR) could be used to determine the 
concentration of allylic species and compare that to the concentrations of acrolein 
and 1,5-hexadiene, in order to prove whether carbon dioxide is produced via a 
route starting with the formation of an allylic intermediate or through a different 
mechanistic path. 
3. Isotopic labelling of oxygen that is supplied through pumping could help identify 
the type of oxygen that participates in the first hydrogen abstraction from 
propene, and help understand whether it is different from the one being inserted 
into the allylic intermediate to form acrolein. 
4. Application of electrochemical oxygen supply under reducing conditions to the 
partial oxidation of other hydrocarbons, which might yield more valuable 
products, should be attempted. Methane coupling would also be a very interesting 
candidate under these conditions. It has been attempted over silver using 
electrochemical oxygen, however, oxygen was simultaneously provided in the gas 
phase and the02/CH4was not very high. 
5. Bismuth oxide is a very selective catalyst for the oxidative dimerisation of 
propene to 1,5-hexadiene using oxygen from the gas phase. This catalyst should 
be tested using the method of electrochemical provision of oxygen. In sitil XRD 
would allow the structure of this catalyst to be examined during the reduction 
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process. A correlation could then be drawn between the degree of reduction and 
the selectivity of 1,5-hexadiene formation. 
6. Degradation of oxide catalysts during reaction is a serious issue and should be 
followed in situ by e. g. mass measurement or spectroscopic methods. 
7. Degradation of electrolytes at high potential differences should be investigated in 
order to assess their long-term stability. 
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Nomenclature 
C 
02 : Oxygen conversion, 
E: Electro Motive Force of cell, mV. 
EA 
: Activation energy, J/mol. 
F: Faraday's constant, 96,494 C/mol. 
I: Electrical current, mA. 
I0 : Exchange current, mA. 
n: Number of electrons transferred in the charge transfer reaction. 
N 02 : Oxygen provision rate, mol/time. 
02- 
: Nucleophilic lattice oxygen ion within oxide bulk 
p17 P" : Pressures on measuring and reference sides of the electrochemical cell, 
respectively, bar. 
PBPR Pressure set by backpressure regulator, bar. 
Pi : Promotion index. 
PO' : Partial pressure of oxygen, atm. 
R: Universal gas constant, 8,314 Jmol- I K-1. 
ý'ons : Transfer rate of oxygen ions between electrolyte and electrode. 
rA,, , rH,.,, rco, : Rate of formation for acrolein, 1,5-hexadiene, and carbon dioxide, 
respectively, mol/time. 
S Selectivity, %. 
T Temperature, K. 
VWR Potential of the working (catalyst) electrode. 
X 
02 : Mole fraction of oxygen in the total gas flow. 
Greek symbols: 
ao : Oxygen activity, bar 
0.5 
A: Enhancement factor in the rate of reaction. 
q: Overpotential of the catalyst electrode, mV. 
/I : Viscosity, P. 
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flo, : Chemical potential of oxygen. 
Rate enhancement ratio. 
T: NEMCA time constant. 
Oi : Coverage of promoting (poisoning) species. 
(P : Instantaneous fractional yield. 
0: Over all fractional yield. 
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Appendix 
A-1 Effect of reactor configuration 
This approach outlined below could be used in order to investigate the reactor type 
effects, if the system were to operate in a differential regime, where there is no 
limiting reactant, i. e. the over all conversion of oxygen or propene does not approach 
100%. 
Chemical reactions for the three detected products are: 
1. Partial oxidation to acrolein C3H6 + 02 ý74 C3H40+H20 (A- 1) 
2. Dimerisation to 1,5 -hexadiene 2C3H6 + -1- 
02 <--> C6HjO + H20 2 (A- 2) 
3. Total combustion C3H6+102 <-> 3CO2+ 3H20 2 (A- 3) 
If the partial oxidation of propene were carried out in excess of propene, and the 
conversion of propene was small, the partial and total oxidation of propene may be 
assumed to be pseudo-zero order with respect to propene. 
The reaction orders in oxygen for the partial oxidation towards acrolein and the 
dimerisation reaction towards 1,5-hexadiene may be assumed to be equal to the 
stoichiometric coefficients according to equations (A- 1) and (A-2). 
Since the rate of formationOf C02was not found to be a function of the method of 
oxygen provision, it might have a different route from that of the partial oxidation 
products. So it may be excluded from the following analysis. The difference of 
behaviour noticed for Ag/CaSZ regarding the method of oxygen provision may be 
related to the reactor type configuration. When oxygen was co-fed with propene, as 
gaseous di-oxygen the concentration of oxygen presumably was decreasing along the 
reactor length, so there is a concentration gradient along the reactor length. The 
behaviour may be assumed to be plug flow reactor. In the case of electrochemical 
provision, the oxygen supply is assumed to be uniform through out the Ag/CaSZ 
surface; hence there is no oxygen gradient along the reactor length. The behaviour b 
may be assumed to be a inixedflow reactor. 
The rates of reactions to the partial oxidation products could be expressed a,, follows: 
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rc 
3 =K C3 
c 
02 (A-4) 
rc =K 
cl/2 (A-5) 6 C6 02 
Where: 
rc 
3, 
rc 
6: 
Reaction rates of propene towards acrolein and 1,5-hexadiene, 
respectively. 
Reactions (A-1) and (A-2) are parallel reactions. If acrolein were the desired product, 
then the instantaneous fractional yield, OC3 40 ' is given by: ýH 
(PC3H40 --': moles of acrolein formed 
_ 
dCC3H40 
(A-6) 
moles of oxygen reacted - dC 02 
Where: 
C 
C3H40 Acrolein concentration, moles/cm 
3 
C 
02 Oxygen concentration, moles/cm 
3. 
Since the oxygen concentration in general varies through the reactor, ýoc 3H4 0 also 
changes with position in the reactor. So, it is also necessary to consider the overall 
fractional yield of acrolein, (D C3H40 ý which is the fraction of acrolein fon-ned to all 
oxygen that has reacted. The overall fractional yield of acrolein is then the mean of 
the instantaneous fractional yields at all points within the reactor: 
(D all acrolein 
fortned C C3H40f 
C 
C3H40f 
C3H40 = 
all oxygen reacted C0,0 -C 02f - AC 02 
()OC3H40 
(A-7) 
Where: 
C 
C3H40f The final concentration of acrolein, moles/cm 
Col 
0 
The initial concentration of oxygen, moles/cm 
3 
C 
02f The final concentration of oxygen, moles/cm 
3 
(PC 
3H4 0: The mean of the 
instantaneous fractional yields at all points within 
the reactor 
The overall fractional yield is of importance, because it represents the product 
distribution at the reactor outlet. 
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In the case of oxygen provision from the gas phase, the oxygen concentration 
changes progressively through out the reactor, thus the flow is characterised to be 
plugflow. Then using equation (A-6) and (A-7): 
(1) 
C3H40 
P 
ý- 
-I 
c 
020 
c 
02 
02 f OqH40 dC 02 
020 
(A-8) 
Using equations (A-4) and (A-5), the instantaneous fractional yield of acrolein, 
ý OC3 
40 , can be obtained from: H 
(PCIH40 :k 
C3 
c 
02 
cl/2 (A-9) kc 
3c 02 +k C6 02 
Where: 
C3 : Reaction rate constant for acrolein production. 
C6 : Reaction rate constant for 1,5-hexadiene production. 
Substituting (A-9) in (A-8) and integrating yields, assuming Co. f approximately =0 
for simplification purposes: 
k C6_ 
VC02 
0 
(D 
2k C6 +k C3 In 
c+I 
(A- 10) C3H40 
P 
TC02 -0 
k C, 
V-CO2 
0k C6 
L 
kc, 
For the case of electrochemical "pumped" oxygen provision, the oxygen 
concentration was assumed to be uniform through out the surface over which the 
reactions took place. Due to that the behaviour is assumed to be a mixedflow. The 
instantaneous fractional yield would behave likewise the oxygen concentration, 
i. e., (PC3H40 is constant throughout the reactor, and: 
(1) 
k C3 c 01 
H c112 C3H4OM 
(PC3 
40C0, 
-f k c3 
c 
01 k c6 01 
Rearranging yields: 
C3H40M :- 
k c', I 
kc, 
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11) 
(A- 12) 
(DC3H40p ') (DC3H40M may be obtained using data from experiments. Equations (A-10) 
k 
and (A 
C6 
-12) may be solved for the ratio of the reaction rate constants, -, and this k C3 
ratio could be compared for both methods of oxygen provision. 
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A-2 Estimation of lattice oxygen removed from y-BiMo catalyst 
It was found [Ref. 15, Chapter 7] that, using temperature programmed reduction 
(TPR), the content of oxygen iny-BiNO06was 0.00984 mol O/g of catalyst. 
Cell (1) that was used in this work, which is of the form Ag//CaSZ//Ag//y- 
Bi2MOO6, had 0.0831 g ofy-Bi2MO06catalyst. 
So, cell (1) contained: 0.083 1 xO. 00984=8.18x 10-4MO, 0 
From the data of oxygen consumption for cell (1) it was found that there was on 
average 1.26x 10-6MO, O/min used in excess of the provided oxygen when the 
method of gaseous oxygen was used and the duration was about 7 hours on 
stream. When the method of electrochemical "pumped" oxygen was used, excess 
oxygen was about 5.28xlO-7 mol O/min for about 3 hours total time of 
experimental runs. 
Total amount of oxygen removed from the catalyst was hence: 
(1.26x 10-6 x7+5.28X 10-7 X3)60 =6.24X 10-4 Mol 0 
That is 76% of the total oxygen available in the fresh catalyst. 
2. If it were assumed that the final reduction products of y-Bi2MO06are Bio and 
M002., then the catalyst would be reduced by 67%. According to the calculations 
above, it was found that the catalyst was reduced by 76%, which is of the same 
order of that expected for a system whose final reduction products are metallic 
bismuth and molybdenum dioxide. 
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A. 3 Notes on Error Propagation from Experimental Conditions 
The various sources of error in the experimental work may propagate from: 
The measured flow rate with bubble meter. 
The error that was determined with the bubble flow meter was about 2% for the 
extremely low flow rates of oxygen gas. The oxygen flow rate was measured at least 
three times before and after each experimental run and averaged. At low flow rates 
the gas is very sensitive to the pressure of the bubbles and the wetting properties of 
the surfactant. The error of 2%was determined by repeating measurements, which did 
not deviate much more than 2%, e. g., the time for the gas to displace I. Occ was 17 +/- 
0.3 min. The volumetric flowrate was converted to molar flowrate assuming standard 
conditions. 
b) Gas chromatography methods and calibrations 
The gas chromatograph was calibrated monthly, assuming that the calibrations were 
approximately linear. The analysis was repeated at least twice, and averaged. The 
deviation from the average value in the smallest area that could be accurately 
measured was about 7%. 
c) Temperature distribution and thermocouple accuracy. 
Temperature could be controlled accurately to within YC. In addition, thermocouples 
were accurate to within 2% of the true temperature as determined by using water at 
freezing and boiling points. 
d) Finally, the current supplied to the electrolyte cell was measured in whole 
numbers, so the error in the current measurement was perhaps +/-0.5 mA. This error 
could contribute significantly at low values of current. The lowest value of current 
measured in this work was 4.5 mA. 
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A. 4 Sample Calculation and Reproducibility of Data 
Sample data are presented in Table A-1, which are taken from the results of the 
experimental runs for cell (3) used in the electrochemical oxygen provision 
experiments over BiMoHAg//CaSZ catalyst. 
Table A-1: Sample data obtained from runs on cell (3) which was used for electrocatalytic 
experiments. 
Applied 
V l 
Generated 
C 
Gas Chromatography Signal 
tage, o 
V 
urrent, 
mA 
Acrolein 1,5-Hexadiene Carbon Dioxide 
(1) (2) Average (1) (2) Average (1) (2) Average 
5.0 46.0 487 559 523 3028 3395 3212 25940 27666 26803 
The total volumetric flow to the reactor =32.92 cc/min 
Slope of the calibration line used forC02in this particular run =2.3 x 10 11 
Slope of the calibration line used for acrolein in this particular run =1.53xlO 
Slope of the calibration line used for 1,5-hexadien in this particular run =4.1 1x 1011 
Sample loop volume for TCD=1.31 cc. 
Sample loop volume for FID=0.215 cc. 
From table A- Iý 
1 46 
Rate of oxygen provision =--=7.15 [tmol/min 4F 4x96494 
C02forination rate = 
2.594 x 104 x 32.92 x 106 
Acrolein formation rate = 
1.3 1x2.3 x 10 
487 x 32.92 x 10' 
0.205x1.53x10" 
= 2.834 [imol/min 
= 0.511 gmol/min 
1,5-hexadiene formation rate = 
3028 x 32.92 x 106 
= 1.183 gmol/min 0.205 x 4.11 x 10" 
Acrolein selectivity = 
0.511 
x 100 = 13.37 % 0.511 +2x1.183 +x2.834 
0.511 + -L X 1.183 +3x2.834 
oxygen consumed =-27.15 
2x 100 = 74.9 % 
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By repeating the same calculations for the second data point in Table A- 1, and by 
taking the average of the two points, the following error analysis is obtained 
Acrolein formation rates deviate by +/-7%. 1,5-hexadiene formation rates deviate by 
+/-6%. Carbon dioxide formation rates deviate by 4%, and the oxygen consumption 
was found to deviate by 4%. 
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A-5 Calibration Graphs 
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Figure A-1: calibration graph of the PYE Unicam gas chromatograph for acrolein 
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Figure A-2: Calibration graph of the PYE Unicam gas chromatograph for 1,5-hexadiene. 
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Figure A-3: Calibration graph of the hp 5880A Gas Chromatograph for carbon dioxide. 
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Figure A-4: Calibration graph of the lip 5880A Gas Chromatograph for acrolein. 
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Figure A-5: Calibration graph of the hp 5880A Gas Chromatograph for 1,5-hexadiene. 
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Figure A-6: Calibration of the mass spectrometer for carbon dioxide 
192 
1. OE-07 2. OE-07 3. OE-07 4. OE-07 
Moles of 1,5-hexadiene 
0.2 0.4 0.6 0.8 1 1.2 1A 
% carbon dioxide 
CM 
0 0 cli - CD (72 (D O0 (0 > 
CD 
LO 10 > 
LO 
CD 
CD 
LO CD 
CD 
LO 
J-- 
CD 2 E 
c) . 
ge 
CD 
CY) Z ri 
Z) CD 
CD CD 
CY) UG 
Qi r_ 
ri 
CD gj 
C\i u ZA 
CD 
CD 
C\i 9 
C D Qý 
CD CD 
CD 
iieqw' esuods, gkj -joadS, vy b 
193 
'11ý -- 
;;, : 
;., 
Ir -, r.,, 
7 
lk 
;;: 
;; 
- S 
. 
5k 
4 :t4 
16 1 1ý 11 
Figure A-8: A sample chromatogram for the signal of the TDC of the hp 5880A Gas 
Chromatograph 
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Figure A-9: A sample chromatogram for the signal of the FID in the hp 5880A Gas 
Chromatograph 
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Figure A-10: A sample chromatogram for the FID used in the PYE Unicam gas chromatograph. 
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